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Preface

The frontiers of knowledge are advancing at an ever-increasing rate. Today’s discov-
eries will tomorrow be part of the toolbox of every researcher. By analogy, the pro-
cess of advancing the line of settlements, and cultivating and civilizing new territory,
takes place in stages, and the semiconductor industry, which has brought a revolu-
tion in modern civilization, is a vivid example. The intellectual foment that marked
its beginnings has changed the way we view the physical world forever. Since the
creation of the integrated circuit in 1960 there has been a continuous reduction in
the size of circuits and thus the feature size of devices.

Following Moore’s famous prediction, the number of devices manufactured on
a single chip has exceeded the expectation of very large-scale integrated (VLSI)
circuits. As a result, new materials are being introduced to meet the challenge of 21st
century IC technology. The increasing device count accompanied by a shrinking
minimum feature size, which was expected to be smaller than 1 pwm before 1990, has
reached 0.1 pm at the beginning of the 21st century. Progress in the development
of new materials is marching in tandem and with much the same speed as circuit
density (number of devices per unit square area).

The entire field of VLSI circuits depends upon circuit design, layout of elec-
tronic circuitry, process development, and synthesis of new materials. As a result,
traditional materials (e.g. copper) are sometimes renewed in a fashion necessary to
accommodate them to modern technology. Mankind has known about copper and
its processing for different uses since the prehistoric age. Now, at the beginning of
the 21st century, the use of copper has opened a new era in the IC manufacturing
industry.

The 1990s were the decade in which copper as an interconnecting material came
to the forefront and gained much attention from microelectronics engineers and sci-
entists. The metallic conductivity and resistance to electromigration of bulk copper
(Cu) are better than aluminum (Al). But as the feature size of the Cu-lines forming
interconnects is scaled, the resistivity of the lines is seen to increase. At the same
time, the electromigration and stress induced voids due to increased current den-
sity become reliability issues. Innovative ideas like the use of a cobalt-tungsten cap
layer and alloying of copper have worked well, but both come with an increased RC
product line.

vii
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The use of Cu-interconnect has introduced the additional burden of integration
of the barrier layer in Cu-damascene architecture. The barrier layer affects the resis-
tance of the Cu-lines too. The PVD-Cu/PVD-Ta interface is “magical” and the use
of precursors in the ALD/CVD (Atomic Layer Deposition/Chemical Vapor Deposi-
tion) system has raised several questions, although the advantages of ALD in com-
parison to the PVD system in producing perfect step coverage with very thin layers
is clear.

In the field of low-K, time-dependent dielectric breakdown (TDDB) and inter-
layer dielectrics (ILDs), reliability is becoming more important. As the dimensions
shrink, the stress gradients increase because the same amount of stress is confined
within a reduced geometry. Moreover, these low-K materials are softer than SiO;
and susceptible to failure.

There are many challenges and difficulties with copper interconnect but not with-
out any gain. Most of the challenges are overcome partially by using advanced
instrumentation and photolithography materials. Photolithography has come a long
way from 365 nm exposure technology to 157 nm exposure technology. Use of
advanced laser systems with lower radiation wavelengths, additional hardware, and
enhancement techniques, have all contributed to these improvements.

In 1997 IBM and Motorola introduced new approaches to Cu-interconnecting
technology and in September 1997 IBM demonstrated their complementary metal
oxide semiconductor (CMOS) device with six layers of copper lines. At the end
of the decade, copper damascene processes were introduced and the century-old
chemical mechanical polishing (CMP) procedure was renewed to integrate copper
in deep sub-micron level circuitry.

This book was developed from a series of lecture notes prepared for graduate stu-
dents of different universities. The notes are based on the research and publications
of countless scientists and engineers engaged in this field. I express my sincerest
thanks and gratitude for their indirect help.

Copper Interconnect Technology is the first book on the subject to treat materi-
als, technology, and applications comprehensively, and is a product of my 25 years
of research and teaching experience in different universities and research organiza-
tions. It is written for professionals as well as graduate students, and belongs on the
bookshelf of workers in several microelectronics disciplines.

The chapters of the book are arranged sequentially following the sequence of
the damascene process. In Chapter 1 basic properties of the materials used in cop-
per interconnect are presented. Chapter 2 deals with the low- and high-K dielectric
materials (dealing with the physical, chemical, and structural properties) that are
of potential interest for scaled-down, high-speed devices. The diffusion of Cu in
silicon is well known, so Chapter 3 is devoted to the search for new barrier materi-
als and metal complexes to minimize diffusion of Cu from Cu interconnects. Some
of the promising barrier materials, their physical and chemical properties, and the
interpretation of binary and ternary phase diagrams, are also discussed.

Chapter 4 addresses different resist materials (DUV and EUV) and lithography
techniques that are being used or are in the development stage. Pattern generation
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technologies together with different etching systems applied in the modern IC indus-
try are also considered.

As the state of the art of modern integrated circuit technology has changed from
the subtractive aluminum metallization process to via and trench filling additive Cu,
the deposition technology has also evolved. Chapter 5 covers different deposition
technologies that are frequently used in the modern Cu-damascene process. Chapter
6 deals with the damascene procedure and the chemical mechanical planarization
(CMP) process.

Cu-interconnect replaced Al-interconnect because of its higher bulk-conductivity
and electromigration resistance. But as the feature size of the conducting lines is
shrinking, the thin metal lines can no longer retain the bulk properties of the metal.
In Chapter 7 the conductivity and electromigration properties of Cu-interconnecting
lines are discussed. Chapter 8 deals with the routing design of the Cu-interconnects
together with the reliability issues of the scaled Cu-lines forming interconnects.

Watertown, Massachusetts Tapan K. Gupta
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Chapter 1
Introduction

The word interconnect (interconnection) in very large-scale integrated circuits
(VLSIs) means a metal line of low resistivity (high conductivity) which connects the
various electronic devices to carry current or to transport charge [1]. The intercon-
necting metal lines are separated from the substrate by insulating layers (dielectric
material), except on the contact area. Since the creation of the integrated circuit
(IC) in 1960, aluminum (Al) or its alloy (Al+Si+Cu) has become the primary mate-
rial for interconnecting lines, and silicon dioxide (SiO;) has become the insulating
layer (dielectric material) to separate the interconnects. Besides being an insulat-
ing material for interconnecting lines, SiO; has been used also as a gate material
in metal oxide semiconductor (MOS) devices. As a matter of fact, Al coupled with
Si0; has become the workhorse of IC technology.

Figure 1.1 shows a scanning electron microphotograph (SEM) of an integrated
circuit (IC) with local (which is used within a cell or a block using the finest pitch

Insulating SiO, layer

"""""""""""""" Global interconnect (G)

Local interconnect (Al or its alloy) (L)

Fig. 1.1 SEM of the
interconnecting lines (G & L)
and the insulating SiO; layer
inside an IC chip (Courtesy,
ICE Corp., AZ)

Tapan K. Gupta, Copper Interconnect Technology, 1
DOI 10.1007/978-1-4419-0076-0_1, © Springer Science+Business Media, LLC 2009
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metal allowed by the design rules) and global (which is used for inter-block com-
munication using the upper metal layers) interconnecting lines. The fine intercon-
necting lines are fabricated on the deposited metal film by photolithography and
selective etching.

IC technology remains the dominant force in semiconductor device fabrication,
and is likely to retain this position for the foreseeable future. As a result, the num-
ber of devices manufactured on a chip exceeded the expectations of VLSI, and by
the mid-1970s it exceeded 100,000 devices per chip. The increasing device count
accompanied by the shrinking feature size resulted in the historical prediction of
Moore that the number of transistors per integrated circuit would double every two
years [2]. Figure 1.2 shows the advancement of integrated circuit technology since
1960. From 1960 to 1970, complexity was the number of components as initially
described by Moore. After 1970, it was often cited as the number of bits in a DRAM
(dynamic random access memory) or the number of transistors in an MPU (micro-
processor unit).

5

[ DRAM bits, R
| 2x/18 months — T2/30 months |
5 [zm months
# xstrs/MPU,
= 2x/24 month: } -

=

Moore 1965,
2¢/12 months

@ # xstrs/Intel MPU @ 1st gen. DRAM bits 4 Moore 1965, # components/die

Fig. 1.2 The lines drawn after the prediction of Moore about the first 70 years of IC development
(Courtesy, M. L. Hammond, TMX International, Cupertino, CA)

1.1 Trends and Challenges

After 1990, progress in VLSI manufacturing technology continued to proceed by
further reductions in unit cost per unit function, and in power-delay products of
VLSI devices. As a result, at the end of the 20th century, a production level MOS
device with a 0.35 wm gate appeared on the market (Fig. 1.3).
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Fig. 1.3 A scanning electron
microphotograph of a MOS
device (Reprinted from P.A.
Packan’s article in MRS Bull.
June 2000, p. 18, with
permission from MRS,
Pittsburgh, PA)

Channel
Source Drain

Silicon

0.10 um

Now the gate oxide thickness (Tox) of CMOS transistors has been scaled down
constantly with the reduction in gate length. According to the 2006 ITRS projection,
the gate length for a 65 nm device should be ~25 nm which will require 1.5 nm gate
oxide thickness. In this thin gate oxide regime, the direct tunneling current will
increase exponentially with decreasing tunneling oxide thickness [7].

Figure 1.4 presents the projections versus simulations of direct tunneling gate
leakage current (Jg) density for low standby power (LSP) logic [3]. From the graph
we can see that every 0.2 nm reduction of the gate oxide (7x) causes a 10x increase
in Jg. As a rule of thumb, if we calculate the oxide thickness for 1.2 nm the respec-
tive gate length is 20 nm; then for a 350 nm gate length we can assume the gate
oxide to be ~21 nm. Thus for a 65 nm node, the ITRS (2006) expectation for the
gate oxide is 1.5 nm. Thus when the oxide thickness changes from 21 to 1.5 nm,
the increase in J; will be enormous. Thus it is expected that when the feature
size lies in the submicron region, Al-SiO; technology will not be able to provide
speed and will not be able to prevent leakage current and tunneling in MOS and
other devices [4-8]. Because SiO; enables defect charge densities on the order
of 10'%cm?, mid-band gap interface state densities of ~101%cm2-eV, and hard
breakdown fields in excess of 10 mV/cm, these are not adequate for sub-100 nm\
devices.

Again according to 2006 ITRS requirements CV/I delay have been projected to
0.65 ps. From Fig. 1.5a we can see that for that small CV/I value the gate length
should be 50 nm and the corresponding E x D product will be 0.6 x 10727 J-sec
(Fig. 1.5b).

Figure 1.5a shows CV/I gate delay versus transistor gate length. From the figure
we can see that a transistor with 60 nm gate-length will approach a (CV/I) value
close to 1 ps. Figure 1.5b shows the estimated energy-delay (E x D) product of an
NMOS and the data are collected from a large amount of published research [10].
The E x D product is seen to vary almost linearly with the gate length.
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1.E+02 , 3
1" T
1.E+01 :
simulated Jy, [ 25
1.E+00 oxynitride i
1.E-01 SR P
€ 1.E-02 ,,-*d'—-: Z A
o Specified 115 %
< 1E03 Jg ITRS T 3
o ~
- ;
1.E-04 1
T 4
1.E-05 - \\ - ;
-+ 0.5
1.E—06 Beyond this point, oxynitride i
f too leaky; high K needed L
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2001 2003

2005 2007

2009 2011

Year

2013 2015

Fig. 1.4 2001 ITRS projections versus simulations of direct tunneling gate leakage current density
for low standby power logic.Jg is the direct tunneling gate leakage current and Ty is the thickness
of the oxide (Courtesy, ITRS, 2001, Austin TX)
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Published Data
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X
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0.1 1

ExD
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0

0.1 0.2 0.3 0.4

Gate Length (Im)
(b)

Fig. 1.5 (a) CV/I gate delay versus gate length and (b) energy-delay product versus gate length
(Reprinted with permission, Intel Inc.)

Besides the RC effect, scaled technology has another disadvantage, which is
known as circuit-noise, and it arises from the total wire capacitance. The noise can
be classified as cross-talk noise and noise due to dynamic delay. The first type arises
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when one or more of the neighboring lines act upon a line and yields an unwanted
voltage spike. The second one refers to a situation where the victim line is in a
switching rather than static mode [11].

The capacitive effect, which affects the RC (delay) time constant and the ultimate
speed of a device mostly comes from inter-layer capacitance. As a result, silicon
dioxide (SiOy), with dielectric constant (K) ~3.9, is difficult to accommodate in
sub-100 nm devices. So the sub-100 nm device needs a low-K dielectric material to
improve the speed of the device.

It has been estimated that vertical scaling requirements of the gate
stacks (Fig. 1.6) and shallow junctions of MOS devices will require 1-2 nm equiv-
alent oxide thickness (EOT), which is not possible to fulfill with SiO, [12]
(Table 1.1).

Fig. 1.6 The gate stack and
the interfacial layers between
gate electrode and substrate
together with the scaled
interlayer dielectric (ILD)

Gate electrode

N Upper interface

SRS | Gatedielectric
I Lower interface

Silicon substrate

1.2 Physical Limits and Search for New Materials

The international Technology Road Map for semiconductors (ITRS) projected that
by 2007 one billion transistors will be integrated into a monolithic die [9]. The
wiring system of the billion-transistor die will deliver power to each transistor,
provide a low-skew synchronizing clock to latches and dynamic circuits, and dis-
tribute data and control signals throughout the chip. As a result, 21st century
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Table 1.1 Microprocessor chips at different technology nodes

Year 2006 2007 2008 2009
Dram 1/2 pitch Contacted 70 nm 65 nm 57 nm 50 nm
MPU/ASIC metal 1% pitch 78nm  68nm  59nm 52 nm
MPU physical gate length 28 nm 25 nm 22 nm 20 nm
EOT: extended planar bulk (EPB) 11A 11A 9A 75A
Gate poly depletion and inversion layer (EPB) 7.4 A 7.4 A 29A 28A

J limit (EPB) 5.3E+02 8.0E+02 9.09E+02  1.10E+02
Vaa power supply voltage 1.1V 1.1V 1.0V 1.0V

V; sat (EPB) 168 mV ~ 165mV 160 mV 159 mV

Source: Adopted from International Technology Road Map for semiconductors ITRS, 2005, with
permission.

opportunities for giga-scale integration (GSI) will be governed by a hierarchy of
physical limits on interconnects whose levels are codified as: material, device, cir-
cuit, and system [10]. It is true that the physical limits of the interconnects have
reached a point where Al-SiO; will not be able to provide the requirements of giga-
scale integration, and therefore, ongoing research is focused on materials, process
technologies, circuit dimensions and the design of high performance architecture.

To adequately describe the needs of interconnects, near term and long term
technology requirements and potential solutions are addressed for two specific
classes of products: high performance microprocessors (MPU) and dynamic mem-
ory (DRAM) circuit. For MPUs, local, intermediate and global wiring pitches/aspect
ratios (ARs) are differentiated to highlight the hierarchical scaling methodology [3].
Figure 1.7 shows the picture of a 486DX4 100 MHz microprocessor with 1.6 million
transistors.

The ideal scaling rules for interconnects basically serve to provide sufficient
packing density. Gates are being rapidly scaled down in size and more and more
wires are needed for communication. Needless to say, for better communication
and speed the RC (delay) time constant of the local interconnects is reduced. In
order to achieve that, one has to decrease both the line width and spacing of the
local interconnects. In particular, the physics of resistivity behavior in extremely fine
conductor lines represents a daunting and potentially insurmountable challenge that
needs to be understood and resolved. On the other hand, both the size of a functional
unit and the size of the entire chip, which may employ a constant dimension type of
scaling, set the global wire lengths [10-11].

1.3 Challenges

The shrinking circuit dimensions have been the primary drivers behind the devel-
opment of integrated circuits (ICs). Figure 1.8 shows the shrinkage in dimensions
when 180 nm technology is changed to 130 nm technology. It is expected that by the
year 2007, for 65 nm node technology [9] we will need to fabricate over one billion
transistors on a single chip with a minimum interconnect thickness of ~50 nm [10]
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Fig. 1.8 The dimensions of a
circuit when it is fabricated
by (a) 180 nm technology and
(b) 130 nm technology
(Photo courtesy, Intel
Corporation, Intel Tech. J. 6
(2), May 16, 2002)

and equivalent oxide thickness (EOT) of ~1.5 nm [12]. This means that the scaled
Al-SiO; system will not be able to fulfill the requirements of giga-scale integrated
circuits (ICs).

1.4 Choice of Materials

1.4.1 Why Copper (Cu) Interconnects?

One of the major reasons for the interconnect to limit the performance of a circuit
is the resistance-capacitance (RC) effect [13]. As the chip area increases, parasitic
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interconnect capacitance dominates the gate capacitance and the speed improvement
expected from simple scaling does not apply to circuits that drive global communi-
cation lines. In addition to large capacitance loads resulting from long interconnec-
tions, the resistance of the lines also becomes a major concern [14-15].

1.4.1.1 Line Resistivity

The advantage of using copper (Cu) as an interconnect in VLSI is mainly due to its
lower bulk resistivity compared to aluminum (Al). Figure 1.9 shows the compara-
tive analyses of the resistivities of copper and aluminum interconnects with respect
to line width and thickness of the films. Experimental studies reveal that at room
temperature, copper interconnect shows almost 35% lower resistivity than Al film
having the same length, thickness, and width (when the film thickness is above
100 nm) [16-19].

-]
—p

Aluminum

f Aluminum

N w0 o

I Coppe'r N
T3 . Qoppér

-

Resistivity (micro-ohm-cm)

Resistivity (micro-ohm-cm)
o = N W H» OO N

o

o

05 1 15 2 25 3 o5 1 15 2 25 3
Line width (microns) Film thickness (microns)

o

Fig. 1.9 Variation of line resistivities of aluminum and copper (a) with line width and (b) with
line thickness (Data are collected from different sources including unpublished data of the author)

Figure 1.10 shows a schematic of a Cu-damascene architecture where a Cu-
interconnect is embedded within the dielectric layer. In Fig. 1.10, we have assumed
that the dielectric layer thickness (Hy) is equal to the interconnect height (Hip¢), and
P is the pitch of the line, equal to 2 W.

Figure 1.11 shows the schematic of a multilayer stack of Cu-interconnects over
a barrier layer embedded within the dielectric layer. The RC time constant of the
generic multilayer stack can be calculated as [20-21]

RC=2R(Cv + ()
= [@oD)/WD)] [{(coe- WL) /(HD} + {(e0 &, TL) [ (X)}]
= [{@peoer L)/ (WD} {(WL) /(H) + (TL) / (X)}]
= 2peoe, (L*/TH + L? JWX)

(1.1
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Fig. .1.10 Cu-'damascene | | Wi2 | | w
architecture with I
Cu-interconnects embedded ! :
within the dielectric layer Interconnect _—= |
cross-section 1 H.
| int
A
| \
Dielectric | Hy
|
< - =

MetalLayer N1 .

Dielectric

Dielectric

Metal Layer N—1
Fig. 1.11 Generic multilayer stack of Cu-interconnect and dielectric layers (Courtesy, A. Pratt,
Advanced Energy Indus. Inc.)

where,

R = Resistance of the interconnect

Cvy= Interlayer capacitance

CL. = Intra-layer capacitance

p = Resistivity of the interconnect metal
L= Length of the interconnect

W = Width of the interconnect

T = Thickness of the metal layer = Hjy

&0 = The permittivity of space

&r = The relative permittivity of the dielectric
H = Height of the dielectric layer = Hy

X = Spacing between adjacent interconnect
P = Pitch of the line

If we assume that (Hg) = Hine = H =T, and P = 2 W, (i.e. X = W), Equation
(1.1) transform into:

RC = 2pege,L> (1/T* + 1/P) (1.2)
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Equation (1.2) clearly shows that RC — the time constant or the delay time (also
related to the speed of a device) — depends upon the resistivity (p) of the Cu-
interconnecting line, and the dielectric property of the material (& ).

1.4.1.2 Efficiency of Cu-Lines versus Node Technology

Since Cu film has almost 35% lower bulk resistivity than Al, it is expected that the
number of interconnecting lines with Cu will be less than the number required with
Al It has been estimated that a reduction of almost 40% in the RC time constant can
be achieved by using Cu rather than Al; or in other words, we can say that the speed
of the circuit will be faster with Cu-interconnects compared to Al-interconnects.

It is also true that the interconnect RC delay can be reduced by increasing the
thickness ofthe metal line (7) i.e., increasing the aspect ratio (AR). The ITRS (Inter-
national Technology Road map for Semiconductors) predicted that for 65 nm node
technology, the aspect ratio (AR) for local and global wiring should be 1.7 and 2.2,
respectively [21-22]. At the same time when the capacitive reactance of the circuit
is lowered by introducing low-K inter-layer dielectric (ILD), the number of inter-
connecting lines will be even smaller (Fig. 1.12). As a matter of fact, to reduce
the capacitive effect alternate dielectric material other than the conventional sili-
con dioxide (SiO») is already at the manufacturing level. In addition, the Cu-CMP
(chemical mechanical planarization) process has been adopted in Cu-damascene
technology. The process will not only avoid dry and wet chemical etchings (which
are not environmentally friendly) but it will be cost-effective too.

1.4.1.3 Heat Dissipation

Heat transfer issues significantly impact chip performance and reliability of deep
submicron interconnects. Elevated temperatures degrade device performance due to

14
® 12 AlfSIO, -
@
>
10 AllLow-k -
3 cussio,
§ of :
=
S 6F  cunowk T
Q
£ af .
Fig. 1.12 The effect of the %
combination of metal and 2+ —
interlayer-dielectric layers on Ref: M. Bohr, IEDM 1995.
the number of required 0 1 | | 1 !
interconnect levels (Reprinted 009 013 018 025 0.35

with permission from IEEE,

IEDM Proc. 1995) Technology Generation (um)
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increased junction leakage and reduce interconnect reliability by accelerating elec-
tromigartion [23]. Experimental observation shows that a typical emitter coupled
logic (ECL) gate dissipates less than 10 mW, but when these numbers become
10, 000 or more heat dissipation can bring the total power consumption to more
than 20 W. As a result, heat generated by the IC components must be dissipated
efficiently because virtually all failure mechanisms are enhanced by increased tem-
perature [24]. In IC packages, thermal conduction is the only mechanism of practical
significance, and one can expect that heat dissipation due to the current in resistive
elements will be better with a material having high thermal conductivity. Figure 1.13
shows that Cu has higher thermal conductivity than Al, and it is expected that Cu-
interconnecting lines will dissipate more heat than Al-interconnecting lines under
the same conditions. As a matter of fact, it has been observed that high conductive
(thermal) material dissipates more heat when it is used as the base material [25].
This feature contributes a factor to the development of high power, high perfor-
mance, and fine pitch devices using thinner diameter Cu-wire without compromis-
ing performance and reliability.

1600 -
1400 -
1200 -
1000 -
8004 1
600 -

Aluminum

4000 YV FHEF 3335 5 0000
s |
- 2 £ 3 : 3 E 3 G_Opperl X

200 ‘

Thermal conductivity W/m-k

o T T T T 1
0 200 400 600 800 1000

Temperature in Kelvin

Fig. 1.13 Comparative analysis between the thermal conductivity of aluminum and copper as a
function of temperature (Data are collected from different sources)

1.4.1.4 Electromigration (EM) Failure

Experimental evidence shows that grain boundaries/triple points account for elec-
tromigration (EM) in Al-interconnects. So, in a conventional integrated circuit (IC)
Al-Cu alloy film is used to create Al-interconnecting lines, because Cu itself has a
reduced susceptibility combined with reduced EM. Experimental data show that in
median time to failure (#50) the performance for copper damascene line is higher
than Al-Cu without plug [26-29]. Usually, the t59p value of a metal interconnect
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tgy lyears)

Cu damascene Al + Cu with barrier Al + Cu with barrier,
W plugs

Fig. 1.14 The failure rates of copper and aluminum (Reprinted with permission, Semiconductor
International, April 2000, p. 98)

depends on the temperature and current density [30]. Figure 1.14 is a plot of the
failure rates of Cu and Al after Black’s equation, when the current density and
the temperature during the experiment are kept at ~5 x 10° A/cm? and 125 °C
respectively [31].

1.4.1.5 Thermo-Mechanical Properties

The study of thermo-mechanical properties of a thin metal film can predict the
amount of stress a metal line will experience during thermal cycling. The stress
induced by thermal cycling can be tensile or compressive or the stress may arise due
to differences in the coefficient of thermal expansion (CTE) between the substrate
and the film [32]. Stress induced due to thermo-mechanical properties of a metal
line is important especially when the circuit has to be built with multi-layer metal
lines [33].

Some of the thermo-mechanical properties of Al and Cu are listed in Table 1.2 to
testify to the technological superiority of copper (Cu) compared to aluminum (Al)
as interconnects in microelectronics devices [34-37].

From Table 1.2 we can see that the thermo-mechanical properties of Cu are supe-
rior to Al. On the basis of stress calculations it has been found that the shear stresses

Table 1.2 Thermo-mechanical properties of Al and Cu interconnects

Thermo-mechanical properties Copper (Cu) Aluminum (Al)
Young’s modulus (GPa) 128 71.1

Yield strength (Mpa) 69 10.30

Tensile strength (Mpa) 220 44.90

Coefficient of thermal expansion (CTE) ppm/C 17 24
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and the propensity of shear induced interface delamination are actually lower in Cu-
interconnect compared to Al-interconnect. Another superior metallurgical property
of Cu over Al is its ultimate tensile strength, which determines the critical stress and
failure site of a metal wire. It is particularly important in the case of ball bonding.
The higher the tensile strength, the lower will be the deformations in wire diameter
and failure site. Figure 1.15b shows that copper (Cu) wire has the highest breaking
load compared to gold (Au) and aluminum (Al) wires of the same diameter.

It is beyond doubt that ultra-fine pitch (<25 pm) ball-bonding will be needed
on Cu-pads deposited on the chip for global interconnection that requires smaller-
diameter wire with sufficient stiffness to ease handling and to avoid molding related
defects due to wire sweep [38-39].

Fig. 1.15 (a) Relative diameter of a metal wire versus stiffness of the wire and (b) relative diameter
of a connecting wire versus breaking load (Courtesy Kullick and Soffa, PA)

Figure 1.15a shows that Cu wire has twice the strength and 40% higher stiffness
than gold. This means that Cu will be a better bonding metal than gold and will elim-
inate the formation of intermetallic compounds. Moreover, the process technology
will be cost-effective (Fig. 1.16) [40].

Cu-Cu bonding has almost no intermetallic growth and it results in lower contact
resistance and less generated heat. Figure 1.17 shows a scanning electron micro-
graph (SEM) and the intermetallic penetration in a Cu wire bond versus a gold wire
bond. From the figure it is clear that the intermetallic penetration of the Cu ball bond
is significantly less than that of the gold bond.

Needless to say, a multi-layer stack with layers of different materials should have
matched coefficient of thermal expansion (CTE), otherwise the system will experi-
ence a stress. It has been found that the CTE of Cu is close to the CTE values
of some of the low-K dielectric materials (14—17 ppm/°C) [41-42].As a result, the
metal lines in Cu-low-K dielectric systems will experience smaller tensile hydro-
static stresses than traditional Al-SiO; systems during thermal cycling.
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Fig. 1.16 (a) Cu-ball
bonding on Cu-pads and
(b) second bond on the
package (Courtesy, Kullick
and Soffa industries, PA)

Fig. 1.17 Intermetallic
penetration: (a) Cu-wire ball
and (b) Au-wire ball
(courtesy Kullick and Soffa)

1.4.1.6 Stress Migration Effect

Deposited thin films always have different grain sizes and grain boundaries which
are the paths of impurity diffusion during device processing. As a result, diffusional
mass transport along grain boundaries in thin films leads to the formation of a
nobledefect identified as a diffusion wedge [43—-45]. It has been observed that the
grain boundary diffusivity at a given temperature in Cu is much lower than that in
Al [46-47]. As aresult, Cu shows a better stress migration resistance than Al, which
is related to the generation of a discontinuity in a metal line due to atomic migration
induced by stress [48—49]. However, for a particular metal line the atomic migration
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Fig. 1.18 Stress migration as the geometry of the Cu-interconnect shrinks (Reprinted with per-
mission, Semiconductor International. July 2004 p. 95)

induced stress is related to the dimension of the line. Figure 1.18 shows the
stress and electromigration in Cu-interconnect as the geometry of the interconnect
shrinks.

1.5 New Technologies

1.5.1 Multilayer Metal Architecture

Interconnect delays are increasingly dominating IC performance in spite of copper-
low-K dielectric systems, and it is expected that the interconnect delay will be
substantial below 130 nm node technology [10,50]. Therefore the need exists for
an alternative technology to overcome the problem. One such promising technique
is 3-D ICs with multiple active silicon layers. The multilayer metal architecture will
reduce the chip footprint leading to a significant reduction in RC delay and will
greatly enhance the performance of logic circuits [51]. It is expected that to keep
the RC delay at a respectable level, nine levels of metal will be needed for 130 nm
node devices. Therefore we do need an alternative multilevel interconnection archi-
tecture in the dual Cu-damascene process [49, 52-53]. Figure 1.19 shows multilevel
interconnect processing performed on a 300 mm silicon (Si) wafer with six levels
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Fig. 1.19 90 nm interconnect technology on 300 nm water with six levels of metal (Photo cour-
tesy, Intel, CA)

of metal following 90 nm node technology. The metal lines are connected via holes
to minimize wire lengths and interelectrode resistances and capacitances.

In the multilevel metallization process (Fig. 1.19) interconnecting lines are routed
through small holes, and they are so small and thin that conventional aluminum
based interconnecting lines are inadequate for better and faster chip functions. Sil-
ver (Ag) has a highest metallic conductivity (~0.629 micro-mho/cm) [54-55], but
suffers from electromigration [56-57]. On the other hand, copper (Cu) has higher
conductivity (0.595 micro-mho/cm) than aluminum (Al) (0.377 micro-mho/cm) and
it offers higher resistance to electromigration compared to both Ag and Al. Thus it
is expected that Cu-interconnects will minimize RC delay, cross-talk and power dis-
sipation in a microcircuit [58-61].

1.5.2 Substrate Engineering

The continued miniaturization of devices has reached a point where Cu-low-K cou-
pling alone will not be able to support the manufacturing needs of sub-100 nm node
technology. Thus, some industrial houses have already introduced a change in the
substrate material (such as: silicon-on-insulator (SOI), silicon-germanium (Si-Ge),
etc.) to meet the challenges of device scaling [62—65].

Figure 1.20 shows the cross-section of a CMOS device fabricated on a partially
depleted SOI substrate. The advantage of this type of structure is that the device
operation and design are very close to the operation and design of a bulk CMOS
device. Compared with traditional bipolar approaches, SOI considerably reduces
cross-talk between RF analog and digital logic elements, and enable easy inte-
gration with passive elements. Recently, some industrial houses are considering
switching over to ultrathin fully depleted (FD) SOI to improve electrostatic device
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Fig. 1.20 SOI cross-section
showing the device structure
and the holes in the channel
region (Courtesy, Wiley
Interscience, New York,
Modern Semiconductor
Device Physics, S.M. Sze,

p. 161)
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Fig. 1.21 Substrate readiness roadmap compared to the 2004 ITRS (Reprinted with permission,
Semiconductor International. March 2006)

characteristics. However, the substrate industry must anticipate its final choices, and
offer an increasing number of options well in advance of production implementation
(Fig. 1.21).

Figure 1.22a shows a schematic of a nine level Cu-BEOL 130 nm technology on

a SOI substrate and (b) shows a schematic for an AMD Opteron processor at 130 nm
on SOLI. Silicon carbide (SiC) and SiCOH have been used as low-K dielectric and
etch stop layer respectively. A tantalum (Ta) barrier has been used in the 130 nm
process, which has shown good reliability, low via resistance and excellent in-line
defectivity.
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Fig. 1.22 (a) Schematic of a
nine level Cu-BEOL 130 nm
technology on a SOI substrate
and (b) schematic for AMD
Opteron processor at 130 nm
on SOI (Reprinted with
permission, SST, January,
2004)

Fig. 1.23 A high speed BiCMOS device designed in IBM’s 0.25 pm technology (Photo courtesy,
IBM Research)

Another recent development in substrate engineering to meet the challenges of
the sub-100 nm device structure is band-gap engineering in silicon to increase the
hole flow to the source. This is accomplished by implanting germanium (Ge) into the
silicon (Si) layer, forming a Sij_x Gex region [66—69]. Figure 1.23 shows a 120 GHz
BiCMOS device, which is based on Si/Ge technology to address low power 10 Gb/s
applications[67-69].

Classical scaling is running up as the device dimensions have come down to
45 nm. With increasing circuit density and mobility, enhancements become key
to maintaining device performance as supply voltages are scaled to manage active
power dissipation at the chip level. As a result, effective scaling has taken over, and
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with it the technology of strain engineering is being widely used to speed carrier
mobility (holes in pFETSs and electrons in nFETSs).

Strain engineering is a new kind of engineering which involves straining of sil-
icon crystal to increase the mobility of charge carriers in the channel (electrons in
MOSFETs and holes in PMOSFETS). An added benefit is that it reduces the source
drain (S/D) series resistance. Compressive strain is induced in PMOS transistors,
typically using epitaxially grown SiGe S/D and/or a compressively strained nitride
layer over the gate. On the other hand, a tensile strained nitride layer is used in
NMOS transistors. The process has been proven cost effective at the 90 nm node.
Another method that has been used to enter manufacturing of the32 nm node is
called a biaxial or global strain where hybrid orientation schemes (transferring a
<110> silicon layer onto a standard <100> substrate) have been devised to take full
advantage of geometrical preferences.

Figure 1.24 shows four stress techniques — dual stress liners, stress memorization
(SM) and an embedded SiGe S/D — that were fully integrated on a partially depleted
SOI structure.

THIRD-GENERATION STRAINED SILICON TECHNOLOGY

Tensile Compressive

m 5o dle finer, v liner, Si6 W First tima fully integrated on S0

Fig. 1.24 Latest 45 nm device structure with strained engineering on SOI substrate (Reprinted
with permission, Semiconductor International Jan. 2006, p. 37)

1.6 An Alternate Technology for Interconnects

Optical interconnects are likely to play an important role in the near future when
all the other avenues with new exotic materials and architecture will be exhausted.
It is expected that optical interconnects will reduce delay, increase bandwidth in
signal wires and will reduce jitter, skew, and power in clock distribution. Figure 1.25
shows the expected signal delay when electrical interconnect is replaced by optical
interconnect.
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Fig. 1.25 Signal delays in optical versus electrical interconnects (Courtesy, Dr. K. Saraswat, Stan-
ford University)

Si Substrate

Fig. 1.26 Transmission electron micrograph of the Si/Ge unprocessed diode structure (Reprinted
with permission Elsevier, UK, Material’s Today, Dec. 2003, p. 9)

The real problem with optical interconnect is the lack of a proper light source.
Two approaches are being taken to develop on-chip light sources: (a) use of erbium
(Er)-doped silicon (Si) nanocrystals; and (b) fabrication of silicon (Si)/germanium
(Ge) superlattices (Fig. 1.26) [70-71]. The second approach needs molecular
beam epitaxial (MBE) technology, which is sophisticated and expensive. How-
ever, according to some experts, on-die optical distribution will not bring any sig-
nificant advantages over scaled and non-scaled Cu-interconnects. Moreover, the
realization of on-chip optical interconnects needs the development of high-speed
low-capacitance CMOS compatible modulators and detectors [72].
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Fig. 1.27 A thin SiGe bipolar transistor on a SOI substrate (Reprinted with permission Semicon-
ductor International, Nov. 2003, p. 30)

The excitement surrounding new materials (e.g. SOI, GeOl, Si/Ge) has never
been greater [73]. High hopes are being placed on rapid technological developments
of the new materials through advancements in the field of integrated circuits (ICs)
[74-76]. Figure 1.27 shows a thin SiGe bipolar transistor on a SOI substrate.

We are going to discuss some of these materials, the processes to integrate them
in ICs, new developments in the field of VLSI circuits, and some of the engineering
maneuvers to handle copper interconnects.

1.7 Materials Used in Modern Integrated Circuits

Sub-micrometer devices with higher levels of speed and performance require proper
materials and process technologies to integrate them into the integrated circuit (IC)
[77-78]. The materials that are being used very often in integrated circuits (ICs) are
(a) metals [79-81],(b) insulators/dielectric materials [82—83], (c) polymers and their
derivatives [84—86], and (d) semiconductors [§7-91].

(a) Metals: The most important property of the metal used as an interconnect in
ICs is that it should offer minimum resistance to current flow, or in other words, the
resistivity of the bulk metal should be low.

From Table 1.3, we can see that silver (Ag), copper (Cu) and gold (Au) have resis-
tivities lower than aluminum (Al). Au has a resistance to electromigration (EM) but
its resistivity is higher compared to Cu and Ag. Moreover, diffusion of Au in silicon
(Si) will degrade the device properties [92]. Ag has the lowest resistivity, but shows
EM and diffuses in Si and silicon dioxide (SiO;) [93]. Moreover, the diffusion bar-
rier of Ag is difficult to make [94-95]. Therefore, copper with resistivity 1.68 ©2-cm
compared to 3.0 2-cm for Al-0.5% Cu alloy, and electromigration on the order of
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ten times better than Al-alloy, will be the most appropriate material for interconnec-
tions [96]. Although Cu forms a deep level impurity in Si, several materials have
been identified as its potential diffusion barrier [97].

1.7.1 Properties of Copper

Copper is a metallic element with atomic number 29, and atomic weight 63.54. The
density of Cu is 8.96 g/cm3. The atomic radius of copper is 1.4 A with a packing
factor (PF) of 0.74 cm3/cm3. Copper has a single s electron outside the filled 3d
shell. The d shell is filled. Since the electrons of the d shell are involved in metallic
bonding, the heat of sublimation and the melting point of copper are much higher
than those of the alkali metals. These factors indicate the noble character of copper
[98-99].

Copper can exist in two forms: cuprous, (valency 1), and cupric, (valency 2).
However, the cuprous state of the metal complex is readily oxidized to the cupric
state. So the cupric state is more stable. Copper melts at ~1084 °C (1983 °F). Most
cuprous (Cu') compounds are oxidized to the cupric (Cu'! ) state and can be pre-
sented in terms of the electrical potential [100-101]:

Copper metallized wafers can be ball-bonded very easily with ultra-fine pitch
(pitch below 60 pwm) copper wire of diameter 25 pm or less which is difficult with
<25 pm-diameter gold wire [102—103]. The high-speed monometallic system (Cu-
Cu bonding) shows longer term stability than the intermetallic system (Cu or Al-
gold) and provides low manufacturing cost [104].

Starting from hull protection for sea-going vessels, to modern energy efficient
motors and transformers, to high 7, superconducting materials, copper has been
used either as a mainstream or as a supporting metal. The metal is malleable,
durable, non-magnetic, recyclable, formable and easily machineable.

The introduction of copper as a metal interconnect in an integrated circuit has
changed the fabrication procedure from subtractive metal etching to additive filling
up of trenches or via holes with Cu. Before Cu-filling, the trenches or via holes are
covered with a thin lining of a barrier layer to prevent out-diffusion of Cu to silicon.
The technology is known as the damascene process. Figure 1.28 shows a schematic
of a Cu-damascene architecture.

Port Barrier layer

Seed layer

Electroplated copper

Fig. 1.28 The conventional Cu-damascene architecture
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Copper is deposited by an electrochemical method over a Cu-seed layer. The
Cu-film grows along the <111> direction with smaller grains but with time the
grains grow larger even at room temperature. Studies have shown that electromi-
gration (EM) performance, measured by the median time to failure (MTTF) can be
improved by controlling the texture of the Cu-film. The strong <111> texture mini-
mizes the presence of high angle grain boundaries along the interconnect line, thus
minimizing the fast diffusion path for mass transport due to EM [105-106]. Thus a
quantitative understanding of the nucleation and morphology that develops during
the initial deposition time of the film is important for both fundamental and practical
reasons [107-109]. A high volume production system used in commercial houses
for copper electrofill is shown in Fig. 1.29.

Fig. 1.29 A high volume
production apparatus for
copper electrofill from
Novellus Corporation
(Reprinted with permission,
Semiconductor International,
May 2000, p. 5)

1.7.2 Grain Size

Besides crystallographic orientation (texture), the performance and reliability of
metal interconnects are dependent on the grain size as the line widths of the
interconnecting lines approach <100 nm. As a matter of fact, during post depo-
sitions annealing electrical properties of thin films (including skin effects) are influ-
enced considerably by the change in grain size and grain boundary characteristics
(Fig. 1.30). On the other hand, the mean free path and the Fermi velocity of the
charge carriers in traveling distances between two scattering events on grain bound-
aries seem to influence the resistance of the line when it is less than 100 nm. It is
also true that EM in Cu-interconnect depends on the distribution of grain structures
[110-111].

In Fig. 1.30 there are four groups and each group has three series, 1, 2, and 3. The
series represents grain size, line width, and resistivity of the Cu-line in sequential
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Fig. 1.30 The relation 3
between grain size (in 25 _
microns, series 1), line width -
(in microns, series 2) and 24 H Seriest
resistivity (in ohm-cm, series 1.5 B Series2
3) of Cu-interconnect . [] Series3
EE
O n T T T 1
1 2 3 4

Fig. 1.31 Post annealing grain growth in electroplated copper inside a 5:1 aspect ratio trench (A
and B are two films with different plating chemistries) (Reprinted with permission Semiconductor
International, May 2006, p. 39, Courtesy: Novellus Systems)

order. The Y-axis represents numbers. The bar graph indicates how the grain size,
line width and resitivity of a Cu-line are related to each other.

Figure 1.31 shows a comparison of two different plating chemistries on grain
structure inside a 5:1 aspect ratio trench. For both chemistries, the grain size of Cu
in the field is many times larger than the mean free path of the electrons, consistent
with no grain boundary scattering in the copper after a post plating anneal.

1.7.3 Melting Temperature

The melting temperature (melting point, mp) of a metal plays an important role
in determining the grain size of a metal during deposition. Aluminum (Al) has a
low melting temperature compared to copper (Cu), which will show higher atomic
mobility and larger grain size of an Al-atom compared to Cu-atom during deposi-
tion. As a result, thermal cycling can bring more grain growth in Cu-film, than in
Al-film. As the grain size increases, the total grain boundary area and the resistance
of the film are seen to decrease monotonically.

The melting temperature of a metal also influences the amount of stress that can
develop within a film during temperature cycling. It has been observed that once the
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anneal
sample

Rel. resistance change [%]
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Fig. 1.32 Left: Resistance drifts during heating. Right: Thermal stress-induced voids (Courtesy,
Infineon Technologies)

melting temperature of a metal has been exceeded, the maximum stress becomes
very high near the top surface of the film. As a result, thermal stress-induced voids
are formed that affect the resistivity of the film (Fig. 1.32) and current-induced Joule
heating [112].

Table 1.4 shows the list of metals that are being used in copper damascene tech-
nology for interconnects and barrier layers (Fig. 1.28). Most of the metals used in the
Cu-damascene process are transition elements or their compounds. The transition
metals are highly conductive because of their incomplete sets of d electrons. Besides
being highly conductive, the metals show high cohesive energy, which is the binding
energy among metals. In general, they are malleable, ductile, and good conductors
of heat and electricity. They form a large number of complex compounds and the
rates at which these metals are attacked by oxidizing agents are small [113—-114].

Table 1.4 Structure of the metals that are potential candidates for high density microelectronics
circuits

Metals Structure Melting point (°C)
Titanium (Ti) hep, bee 1668
Tantalum (Ta) bce 3017
Chromium (Cr) bee 1907
Molybdenum (Mo) bce 2623
Tungsten (W) bee 3422
Nickel (Ni) cep (fee) 1455
Palladium (Pd) ccp (fee) 1554.9
Platinum (Pt) cep (fee) 1768.4
Copper (Cu) cep (fee) 1084.62
Silver (Ag) cep (fee) 961.78
Gold (Au) cep (fee) 1064.18
Aluminum (Al) cep (fee) 660.32

Source: Printed with permission, CRC Handbook of Chemistry and
Physics, 76th ed. 1995-1996, p. 4.
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The transition metals are either face-centered cubic (fcc) or body centered cubic
(bee). During deposition as thin films, some of the transition metals change from
fcc to bee structure or vice versa. The structural change in the metals is always
associated with a change in volume and strain in the film. The strain affects device
performance especially when the device size is very small (on the order of a few
nanometers) [115—-118]. Thus during selection of a metal for interconnect or barrier
layer one should consider the physical, chemical, mechanical and electrical proper-
ties of the bulk metal. We will discuss briefly some of the properties of the transition
metals that are used as barrier layer in the copper damascene process.

1.8 Barrier Layer

Studies show that transition metals like tantalum (Ta), titanium (Ti), molybdenum
(Mo), and tungsten (W) and their compounds are potential candidates as barrier
layers for Cu-interconnects. However, an ideal barrier layer should effectively mini-
mize copper diffusion, but should not introduce any additional resistance and capac-
itive reactance to the copper interconnects that will ultimately affect the speed of a
device. Figure 1.33 shows two different processes to deposit barrier layers and their

26
PVD barrier
25}
280 A PVD TaN/Ta
24}
E
2 23k
% 120 nm I 170 A PVD TaN/Ta
E‘ ALD barrier
:g 2.2' — e — — -
3
== 10 A ALD TaN/75 A PVD Ta
21 Lol
' L]
10 AALD TaN 3
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Line width (nm)

Fig. 1.33 The comparative analysis of the Cu-line resistances when the barrier layer is deposited
either by PVD or ALD. The ITRS recommendation for line resistance is ~2.2 pm-cm (Reprinted
with permission, Semiconductor International, May 2004, p. 42, Courtesy: Applied Materials)
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consequences on the resistivity of copper lines. From Fig. 1.33, it is clear that com-
pared to physical vapor deposited (PVD) barriers, atomic layer deposited (ALD)
barriers will offer consistently lower line resistance.

Another important characteristic of a barrier layer in contact with an another
metal or metal compound is its electronegativity — a measure of the degree of inter-
action between two intimate metals (or metal compounds) which can be a powerful
concept in the selection of a barrier layer. In general one can expect that if two metals
are in contact, the less electronegative metal will travel towards the more electroneg-
ative metal as part of the interaction between the two. However, in the presence of
oxygen the rate of interaction (attraction of electrons) will be accelerated for the
less electronegative element sitting on the top [119-121]. Electronegativity values
of some metals of interest are given in Table 1.5:

Table 1.5 Metals of interest,

with their electronegativity Metals Electronegative values

values™ .
Copper (Cu) 1.75 (1.90) (1.9 Pauling)
Silver (Ag) 1.42 (1.93) (1.9 Pauling)
Aluminum (Al) 1.47 (1.61) (1.5 Pauling)
Gold (Au) 1.42 (2.54) (2.4 Pauling)
Platinum (Pt) 1.44 (2.28) (2.2 Pauling)
Nickel (Ni) 1.75 (1.91) (1.2 Pauling)
Tantalum (Ta) 1.33 (1.66) (1.0 Pauling)
Tungsten (W) 1.40 (2.36) (1.7 Pauling)
Titanium (Ti) 1.32 (1.54) (1.5 Pauling)
Molybdenum (Mo) 1.30 (2.16) (1.9 Pauling)
Chromium (Cr) 1.56 (1.66) (1.6 Pauling)
Zirconium (Zr) 1.22 (1.33) (1.4 Pauling)
Cobalt (Co) (1.8 Pauling)

*Reprinted with permission from Cotton and Wilkin-
son [114].

1.9 Low-K Dielectric Materials

The resistance effect becomes serious when the interconnecting lines are small and
thin. Since the birth of the integrated circuit (IC), the semiconductor industry has
moved towards ultra-large-scale integration (ULSI). As a result, the device geom-
etry has shrunk considerably and the circuit density (number of devices per unit
area) has increased enormously. So to connect the maximum number of devices
with short interconnecting lines (to reduce resistance and capacitive reactance, i.e.
the RC effect) multilevel metallization (MLM) has been introduced [83-91, 122—
123].

Figure 1.34 shows a scanning electron microphotograph (SEM) of a six level
metal interconnect with a low-K material (SilK, K~3) as inter-layer dielectric
(ILD).
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Fig. 1.34 Six level multilevel metal interconnects through via holes (Reprinted with permission,
IBM Research)

Fig. 1.35 A simplified circuit model of a MOSFET device. R, C, and L denotesthe resistance,
capacitance and inductance, and ox, p, ¢, ov, chan, s, d, and 1, represent oxide, pad, overlap, channel,
source, drain, and lead, respectively (Courtesy, Semicond. Int.)

RC delay, which is linked to the capacitive reactance of the circuit (Fig. 1.35), can
be minimized by the inclusion of a low-K dielectric material (insulator). Figure 1.35
shows a simplified model of a MOSFET device under test showing the equivalent
circuit and the presence of parasitic resistance and capacitance. The model has been
used to extract data to characterize equivalent oxide thickness (EOT) on thin SiO;
and high-K dielectric in high performance logic devices. As a matter of fact, radio
frequency (RF) measurement play an important role in accurate modeling of the



30 1 Introduction

dielectric by eliminating parasitic components that would prevent accurate repre-
sentation of the C-V data by a traditional two-element model. It is expected that
low-K interlayer dielectric (ILD) together with high-K gate material will minimize
the parasitic capacitance effect.

Moreover, as the size of the gate length has scaled down to 10 nm with 1.5 nm
oxide thickness, junction leakage, gate leakage, and off-state leakage became very
much more prominent. Therefore, there is no doubt that the conventional dielec-
tric SiO, will not be able to provide the required equivalent oxide thickness (EOT)
for low power devices [124—125]. This has led to the search for a low-K dielectric
material, which will be compatible with Cu-interconnects and will be a potential
candidate for:

(a) inter-level dielectric materials (ILDs), and
(b) inter-metal dielectric materials (IMDs).

We will discuss the dielectric materials in a separate chapter.

There is an another class of dielectric material (oxide of metal), which is called
a ceramic (e.g. alumina, Al,O3z, beryllia, BeO, etc.). It is used mostly as substrate
material in thick and thin film hybrid circuits [126]. The ceramic substrates are
exclusively used in multilevel circuits because of the ease of creating holes through
them. Figure 1.36 shows a low temperature co-fired ceramic (LTCC) tape with via
holes drilled by laser [127—-128]. The picture on the left-hand side shows a typical
finished hybrid circuit.

Fig. 1.36 A laser drilled ceramic substrate, and a built-in circuit on the substrate (Courtesy of
Accu-Tech, San Marcos, CA)

1.10 Polymers
Polymers are plastic, non-metallic materials and are used as: substrates (in printed

circuit boards, PCBs), [129], low-K dielectric materials (in copper damascene
processes) [130], insulating materials (for forming crossover and capacitors in
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Fig. 1.37 Nylon 6,6 filtration
membrane (Reprinted with
permission SST, July 2000)

23V ey
PP o
28KV 18.0KX 1.00F 0963

ICs) [133-135] and for creating high-resolution structures (photolithography)
[131-132].

Development in the field of polymer science is so enormous that it is impossible
for us to get through a day without using dozen or more synthetic organic polymers.
Once a renowned polymer scientist remarked, if you took away the man made poly-
mer materials, you'd be utterly amazed how little you’d have left [136]. By using
supramolecular chemistry, scientists have been able to achieve control at the single
molecule level, in the design of electro-active organic materials [137].

At the end of the twentieth century, it was difficult for Frazier to conceive that
within 15 years 90 nm technology node will be possible in spite of fundamental
physical limitations [138]. But the dream is going to come true because of the devel-
opment of high molecular weight polymers which are known as photoresist [139].
However, resist slimming and profile control of the side wall have made critical
dimension (CD) control more challenging. Although the acceptable 3o scattering
of the gate length is shared by lithography and etching at an optimum ratio, the
tolerances in both technologies are approaching their limits. The isotropic filtration
membrane supported by cage core and end caps provides an efficient filtering sys-
tem for 193 nm lithography, which has enabled the production of advanced memory
and logic devices with feature sizes of 100 nm and below. Figure 1.37 illustrates
a typical nylon 6,6 membrane. Figure 1.38 represents the scanning electron micro-
graph (SEM) of a 180 nm feature created with DUV photoresist dispensed through
polytetrafluoroethylene (PTFE). We will discuss photoresist materials in a separate
chapter.

Recently, polymers are being used to fabricate light emitting devices (LEDs) and
transistors [140-141]. Figure 1.39, shows the structure of an organic light emitting
diode (OLED) where a thin layer of organic material (polymer) is sandwiched
between anode and cathode layers.

Figure 1.40 shows a thin film transistor (TFT) fabricated on a flexible poly-
meric substrate, which is reported to achieve charge carrier mobilities in excess
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Fig. 1.38 Top down scanning electron microscopic picture of a 40 nm feature created with DUV
photoresist over a silicon wafer (Reprinted with permission, Solid State Technology (SST), July
200, p. 204)
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Fig. 1.39 The organic light emitting diode (OLED) display (Reprinted with permission from
Semiconductor International. June 2003, p. 30, Courtesy, DuPont)

of 1 em?/V-s. It is expected that these transistors will be used in different com-
mercial units, e.g. flat panel displays, light sensor arrays, and biochemical sensors
[142-143]. Very recently use of synthesized organic conducting and superconduct-
ing polymers has been reported [144—145].
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Fig. 1.40 Plastic thin film
transistor used in an
electronic circuit (courtesy,
Infineon technologies,
Munich, Germany)

1.11 Semiconductors

A semiconductor material does not have metallic cohesion, and therefore it has
electrical conductivity smaller than metals (but higher than insulators). The con-
ductivity of a semiconductor is a function of the energy gap. Dielectric materi-
als and pure semiconductors are insulators at sufficiently low temperatures; how-
ever, dielectric materials retain their high electrical resistivities at high temperatures
where the crystalline or semicrystalline phase ceases to exist, whereas semiconduc-
tors are reasonably good conductors at high temperatures [146—147]. A very distinc-
tive property of semiconductors is that they possess negative temperature coefficient
of resistance (NTCR) in some range of temperature [148].

1.11.1 Silicon (Si)

Silicon is the most extensively studied semiconductor, and modern VLSI technology
is based almost entirely on silicon. In addition, integrated planar technology requires
the capability of forming an insulating layer (SiO») on the semiconductor surface,
which is accomplished very easily with Si. Germanium (Ge) and other semiconduc-
tors have difficulties in forming the oxides and /or the oxides formed are not reliable
at different environmental conditions. These limitations make other semiconductors
inferior materials for the fabrication of ICs, compared to silicon (Si).

The silicon industry has moved from a 100 mm-wafer fabrication process to a
150 mm-wafer fabricationprocess in six years, and to move from a 150-wafer fabri-
cationprocess to a 200 mm wafer fabrication process it took another five years. Now
the industry has gained enough experience of moving to larger wafer size (300 mm).
Some industries are fully capable of handling 300 mm wafer at the production level
(Fig. 1.41).

Silicon is an elemental semiconductor. It has a diamond crystal structure, which
is characterized by extremely high stability. A single crystal of Si is grown mostly by



34 1 Introduction

Fig. 1.41 The realization of
a 300 mm silicon
waferfabrication process from
a 200 mm wafer fabrication
process (Reprinted with
permission Semiconductor
International, June 2003,

p- 47, Courtesy, Lam
Research)

the Czocharlski method at high temperatures [149]. It is cut, polished, and cleaned.
Generally two types of crystals are grown, <111> and <100>. The <111> direction
grown single crystal is used for bipolar device fabrication andthe <100> direction
grown is used for the fabrication of low-noise devices [150-151]. Figure 1.42 shows
the range of electrical resistivities of pure and donor-doped silicon single crystals in
comparison with metals and insulators [152-154].
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Fig. 1.42 Range of electrical
resistivities of pure and doped
silicon single crystals in
comparison with metals and
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1.12 Challenges and Accomplishments

1.12.1 Challenges

There are several challenges for the sub-100 nm level copper-damascene process.
Some of them are identified as: introduction of low-K and high-K dielectric mate-
rials, deposition of very thin barrier and Cu-seed layers, and void free, continuous,
and conformal deposition of Cu-interconnect inside high aspect ratio trenches and
via holes. In addition to these, interfaces, contamination, adhesion, mechanical sta-
bility, electrical parametrics, thermal budget confounded by the number of wiring
levels for interconnect, ground planes, and passive elements, have created additional
challenges [155-157].

Although Cu-low-K is adequate for near term local interconnect in 65 nm node
technology, global interconnect (whose length increases with scaling) performance
at 65 nm node has posed several problems due to the resistance of the long wires.
As a result, scaling has deteriorated all types of signal wire delays with respect to
gate delay even with Cu-low-K (Fig. 1.43).

Fig. 1.43 The delay of signal Global Sem!global

wires due to the scaling of
global wire length (Reprinted

with permission, /
Dr. K. Saraswat, Stanford

University, CA)

|Future
—

Increase in wire resistance due to scaling has caused more voltage drop and
power consumption at constant voltage through equipotential wires to all Vyq bias
points. Though ball-grid array packaging technology partially eliminates this prob-
lem, interconnect nets for distributing clock signals and power can lose 40-50% of
the total power supplied to the chip. However, it is expected that the use of super-
conducting wires for global interconnects might be a possible avenue for reliable
performance of global interconnects in the near future.

1.12.2 Accomplishments

The industrial research consortium in 1988 changed the technology node from 0.25
to 0.18 pm. This drove the industry to fabricate at production level the complemen-
tary metal oxide semiconductor(CMOS) device with six-level Cu-interconnects in
1997, which boasted several technical accomplishments of its own. In the same year
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the copper-based damascene process was adopted to fabricate a 0.20 pm CMOS
logic device, which was operated at 1.8 V, and opened an avenue for commer-
cialization of low power operated devices. Figure 1.44 shows a scanning electron
micrograph (SEM) of a copper based CMOS circuit developed by using the copper
damascene process.

Fig. 1.44 SEM of
copper-based CMOS device
(7 s technology) developed at
IBM (Courtesy of IBM
research)
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)  Local
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Soon the industry moved from 0.18 to 0.13 wm node technology and a CMOS
device was fabricated with 18 A gate oxide, adopting 248 nm lithography. Figure 1.45
shows a new 130 nm CMOS architecture designed with 18 A gate-oxide [158-159].

The International Technology Road Map for Semiconductors (ITRS) 2001 eval-
vated Ti/TiN as a feature contact metal and barrier material for a high aspect ratio
trench/via (e.g. DRAM stacked capacitor) filled with a tungsten (W) conductor. It
seems that the ITRS evaluation might have stemmed from the success of fabricating

Fig. 1.45 130 nm CMOS architecture with nine levels of dual and single inlaid copper metal
designed by Motorola (courtesy Free Scale Semiconductor, Inc.)
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a copper based CMOS device with W/TiN contact plugs and collimated sputtered
barrier layer in 1995 (Fig. 1.46) [160].

 Copper-based CMOS Structure

n* poly-Si Cu TiN SiN
w

nMOSFET pMOSFET

Fig. 1.46 A copper-based CMOS device using CVD W/TiN contact plugs and CVDCu/sputtered
Cu/TiN 1st level metal (Reprinted with permission, Semiconductor International, July 1995, p. 68)

Cu (M3)
BD/BLOk

Cu (M2) SiEK

BD/BLOk
Cu (M1)

WL

"
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with permission,
Semiconductor International,
Oct. 2003, p. 28)
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The miniaturization of devices for high-speed circuits went on unabated, and
by the end of 2003, a functional static random access memory (SRAM) chip was
fabricated following 90 nm node technology. Subsequently, an 8-Mb dynamic read
access memory (DRAM) device with 35 nm gate length and 0.57 um? cell size was
fabricated by adopting the 65 nm process (Fig. 1.47).

1.13 Technologies of the 21st Century, and the Plan
to Meet the Challenges

The last two centuries have seen an increasing flood of inventions and discoveries.
These inventions and discoveries have reinforced one another and made possible
new products, and new production methods. In the beginning of the 21st century we
can see that many semiconductor industries have sprung up because of the discov-
eries of the fundamental research laboratories. According to the National Academy
of Sciences in Washington, the modern era of electronics has ushered in a second
industrial revolution . . . its impact on society could be ever greater than that of the
original industrial revolution [161].

Before the invention of the transistor, electronic devices including early com-
puters depended on the use of vacuum tubes that were bulky and relatively power
hungry. After 1957, the microelectronics industry witnessed miniaturization of the
devices. Aggressive scaling of the feature size, like gate length in high performance
device applications, makes it difficult to optimize device parameters. For example,
the effect on scaling has pushed the gate length of a MOSFET transistor to 6 nm
with less than 22 A-gate oxide (Fig. 1.48).

6 nm GATE-LENGTH TRANSISTOR

Region Material
Gate: Polysilicon

Spacers: Dielectric — 1 %
Source ]

RSD (raised

source/drain): Silicon

Channel: Silicon Tgi=4-8 nm -
BOX

(buried oxide): Oxide Lgate=6 nm

Fig. 1.48 A 6-nm gate length planar single gate MOSFET (Courtesy, IBM Research)
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Fig. 1.49 (a) Cross-section of a CMOS transistor with dielectric spacing (Courtesy, Intel
Tech.). (b) Drain extension structure for shallow junctions with the components of series resis-
tance. The contacting junction separated by spacer is also shown in the picture (courtesy IBM
Research)

In order to avoid the consequences of gate length scaling, a methodology for
patterning ploysilicon at these extreme dimensions, called a spacer gate, has been
used (Fig. 1.49) [162-163].

In a recent development the gate oxide has been scaled to 2 nm to achieve high
drive currents and controllable short channel effects. As a result, for such a small
gate length, one has to control the short channel effects and achieve sufficiently low
external resistance and overlap capacitance by creating an ultra-shallow junction
(USJ).
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1.14 Ultra-Shallow Junction (USJ)

Replacements of thin silicon oxide and depletion layers in doped polysilicon by
high-K dielectric and metal gate electrodes to limit high leakage currents demand
drastic junction depth (xj) scaling of source/drain extension (SDE), as SDE is
directly proportional to the gate length Ly (xj o< Lg). As a result, between 2001 and
2005, the shrinkage in junction depth became more than 40%. This aggressive scal-
ing of the SDE demanded new implantation procedures of dopants including post
annealing. Though these procedures have controlled the activities of the increased
dopant levels, yet continuation of gate-length scaling, while controlling short chan-
nel effects in CMOS, was found to be difficult to achieve without incurring signifi-
cant increase of parasitic resistance. Thus USJs (x; <30 nm) required precise control
of process, profile design, and careful monitoring of the electrical parameters, like
sheet resistance, leakage current, and capacitance inside the USJ. Figure 1.50 shows
the change in the doping profile and the sheet resistance inside a USJ.
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Fig. 1.50 Doping profile inside a USJ (Courtesy ITRS, SEMATECH, Austin TX)

Direct probe contact (four-point probe) to monitor the electrical parameters is dif-
ficult inside a USJ, and recently a non-contact optical probe method with modulated
visible light has proven to be very successful (Fig. 1.51) [164]. As a rule of thumb,
in a scaled USJ device the drain current is lowered to control the short channel
effect. However, the solutions for these issues should be pursued concurrently with
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Si substrate

Fig. 1.51 A non-contact probe of p-n junction sheet resistance and leakage current (Reprinted
with permission Semiconductor International, Nov. 2005, p. 38)

(a) circuit design and circuit-architecture improvements, (b) lowering power dissi-
pation, and (c) integration of new materials and processes.

1.15 Circuit Design and Architecture Improvements

In order to reduce the RC delay especially in a high-speed device a typical multilevel
metallization process might be a solution. The multilevel metallization has reached
almost six to eight levels of metal with the lowest layer commonly acting as ground
plane and the upper levels provide transmission lines, and routing traces. As a result,
accurate and efficient modeling of interconnect parasitics and delays especially at
high frequencies cannot be ignored [165,166]. At the same time, the 2-D and 3-D
effects on interconnects must be considered with their statistical variations.

In the case of nanometer devices, front-end process modeling might be a solution.
But the process seems to be challenging for the future IC industry. At the same time
continued reduction of gate length demands a new high-K dielectric material which
will be able to suppress the tunneling current while maintaining the drain current
necessary for low standby power (LSTP). Thus for gate electrode, we need a new
material and deposition process as oxynitride films have reached onan unacceptable
level. On the other hand, in 65 nm node technology the basic transistor architecture
will mainly be associated with processing and integration of the gate stack with a
highly doped ultra-shallow junction (USJ) contacting the device.

Figure 1.52 shows a CMOS device with eight levels of Cu-interconnect. Low-K
(SiLK) has been used as the inter-level dielectric (ILD). Tungsten (W) as the local
interconnect level has increased wiring density with wire bond pitch (minimum C4
pitch on 8) of 60 pm in line.
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Fig. 1.52 A CMOS with eight levels of copper interconnects with low-K (SiLK) ILD (Courtesy
IBM Research)

1.16 Performance and Leakage in Low Standby Power (LSTP)
Systems

In portable products where the power supply is low, suppression of the leakage
current is achieved by a low standby power (LSTP) system. Unfortunately, it is
difficult to maximize device performance under low operating power (LOP). Low
power will challenge isolating phase locked loops (PLLs) due to the scaling of the
supply voltage Vpp, enabling a wide range of input sources and output frequencies.
It will also affect custom circuits, because analog devices and I/O drivers do not
voltage-scale easily. Moreover, with low Vpp, design of traditional A/D converters
will be challenging. On the other hand, a clocking subsystem should have features
like low voltage, and low power PLL to generate a high-frequency clock (Fig. 1.53).
It is hoped that improvements in frequency and circuitry will reduce the number of
gates and average gate delay in a clock by 30% [167-168].

In CMOS devices, reduced operating voltage greatly reduces active power. As a
result, the maintenance of acceptable off-state leakage with continually decreasing
channel lengths will require increased channel doping levels. This will degrade short
channel effects of extremely small (nano-size) devices. As a matter of fact, when the
device size is less than 90 nm, time-dependent dielectric breakdown (TDDB) and
electromigration (EM) phenomena will be the biggest challenges. Thus to maintain
low gate leakage current and high performance of the device, we neednew materials
and advanced processes to integrate these materials.
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Fig. 1.53 Scalable clock generation subsystem (Reprinted with permission, IBM Research)

1.17 Introduction of New Materials and Integration Processes

From our discussions and presentations so far about so many research oriented
results, it is clear that to minimize interconnect delay to increase device speed, suc-
cessful integration of low-resistivity metal and low-dielectric material is essential.
As a mater of fact, a Cu-low-K system is already at the production level. How-
ever, the deposition processes for these materials are still under investigation. For
example, high temperature (>400°C) chemical vapor deposition (CVD) processes
confront issues with wafer bowing [169—170]. But the challenges for physical vapor
deposition (PVD) are somewhat different. It goes without saying that optimization
of the PVD [171-172] source to obtain equivalent or better within-wafer uniformity
is critical. It is true that compared to CVD or PVD, the low-temperature atomic layer
deposition (ALD) process is better for very thin films (of the order of an dngstrom
unit) but for thick films it is not a very cost-effective procedure [173—174]. On the
other hand, the electroplating process (ECP) of copper, where deposition is per-
formed at room temperature, has come a long way [175-178]. Recent developments
of self-adjusting and self-monitoring electrolyte systems allow precise control of the
plating chemistry. But still this process suffers from terminal effects (higher rate of
deposition of Cu on the edge).
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Integrated circuits (ICs) are typically classified in terms of the minimum feature
size of the devices. The minimum feature size has come to 100 nm at the begin-
ning of the 21st century with an expectation of a 65 nm production feature by the
year 2009. But fact of the matter is that the impact of shrinking the feature size
on silicon costs yield and reliability. For example, the resistivity of Cu intercon-
nect below 100 nm size is expected to increase because of electron scattering at
the barrier—metal interface. Thus it is likely that in the near future for nano-scaled
(below 100 nm) devices we need to replace the copper interconnect. As a matter of
fact, researchers are exploring nano-scale interconnect architectures, in organic and
inorganic materials [179-180], and the use of superconducting nano-wires might be
a future possibility.

1.17.1 Nano-Materials

Nano-technology [181] is one of the fascinating branches of science based mainly on
the study of single-walled carbon nanotubes (CNTs) [182]. First identified by lijim
[183], carbon nanotubes are fabricated by several methods, e.g. arc discharge [184],
laser ablation [185], and by chemical vapor deposition (CVD) [185]. A single walled
carbon nanotube can have a diameter as small as 1.5 nm with length exceeding tens
of microns [186]. By tailoring the electronic functionality, an atomic scale transistor
has been fabricated from a 1.6 nm wide CNT [187]. Another example of a nano-
scale organic device is a molecular diode, which is being fabricated from aromatic
hydrocarbons and conductive polymers [188]. CNTs are promising candidates for
single electron transistors [189—191], and field effect transistors (FETs) [192]. Thus
materialization of 50 nm device node interconnect is a fair possibility in the very near
future [193—-195]. As a matter of fact, who could guess that the baby transistor, a few
inches long in 1947, would be reduced to 100 nm at the beginning of the 2 1st century?
Figure 1.54 shows a picture of a single nanotube field-effect transistor (FET).
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In the year 2004, researchers from International SEMATECH and the Univer-
sity of Texas at Austin, fabricated a transistor on an ultra-thin (<10 nm) silicon-on-
insulator (SOI) substrate with 60 A gate length. The features are at the nano-wire
level and it will require reliable instruments to test the different parameters of the
device.

Figure 1.55 shows a future transistor with gate length on the order of 60 A. The
features of the device are at the nano-level. The device has been fabricated on a
thin SOI substrate. It is hoped that these nano-size devices will enable us to gather
fundamental knowledge about device physics.

NANOWIRE AND FUTURE GATE DIMENSIONS

Side view: 5 nm wide finFET channel

Buried oxide

Nanowire like
active Si or
Ge channel

Buried oxide

Nano-sized conventional transistor on SOI

Ge nanowire
(Image courtesy B. Korgel)

Fig. 1.55 The future transistor with 60 A gate on an SOI substrate (Reprinted with permission,
Semiconductor International, May 2004, p. 36)

1.17.2 Superconductors

In a nano-scale device, conduction through small interconnects creates several prob-
lems [196-197]. Potential solutions must clearly involve noble conducting mate-
rial/materials, which will be able to eliminate the fundamental quantum mechan-
ics problems. The idea of superconductivity and the invention of high-temperature
superconductors (high T,) in 1987 brought new hopes in the field of interconnect
technology [198-202]. Bulk superconductivity based on a copper—oxygen array
is an important structural feature (Fig. 1.56). But neither the metallic bond, nor
copper—oxygen bonding guarantees superconductivity [203]. Figure 1.57 shows a
picture of a single crystal of Y{Ba;Cu3O;_x superconductor.
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Fig. 1.57 A single crystal of
Y Ba;Cu3O;_x (Photo
courtesy, IBM Research)

There is an another class of superconductors which is known as a layered super-
conductor [204] where we have two interpenetrating perpendicular vortex lattices
consisting of Josephson vortices (JVs) and pancake vortices (PVs). It has been
demonstrated by Savele’ev and Nori [205] that owing to the mutual JV-PV inter-
action and asymmetric driving, the ac motion of JVs and/or PVs can produce a net
dc vortex current. The controllable vortex motion can be used for making pumps,
diodes, and lenses of quantized magnetic flux [206-209].
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From all the evidences there is no doubt that divalent copper assumes a dis-
torted Jahn—Teller coordination where oxygen forms the sensitive Cu—O sublattice
structure and the total oxygen stoichiometry is responsible for high 7, supercon-
ductors. Thus it will not be unfair to say that copper has proven its superiority
over other metals as a conductor, and as a key material in superconductors. Ben-
efiting from all its incredible ability to extend technologies, it goes without saying
that this reddish-brown soft metal has established its superiority in every sphere
of life.

1.17.3 Integration Processes

1.17.3.1 3-D Technology

Among all the integration processes described so far, the three-dimensional (3-
D) integration process is thought to be one of the emerging technologies in Cu-
interconnecting systems. According to some experts [210] the 3-D technology will
lead the copper interconnecting paradigm shift due to its tremendous benefits.

The potential benefits of 3-D integration will vary depending on the approach.
Some of the benefits are: (a) increased performance of the circuit, (b) reduced
power, (c) multifuctionality, (d) small form factor, (e) reduced packaging, (f)
flexible heterogeneous integration, (g) increased yield and reliability, and (h)
cost [211].

Among various 3-D technologies [212-213] that are presently been imple-
mented, two of them are worth mentioning: (i) fabrication of nano-integrated circuit
chips (ICs), and (ii) packaging.

The nano-integrated circuit chips that are designed on 3-D technology can
achieve the highest density of silicon transistors (because of thinning and stacking)
with wafer level functioning using advanced photolithography. As a matter of fact,
the electrical performance of CMOS devices is fundamentally determined by phys-
ical structure, e.g. gate length and 3-D activated dopant profiles within the devices
[214]. It is expected that 3-D design will reduce the fabrication costs for high volume
production of these nano-integrated circuit chips. However, processing constraints
(3-D trench capacitors for SiP and atomic layer deposition (ALD) of multiple MIM
layer stacks of high K dielectrics and conductive layers) especially the thermal bud-
get, affect the properties of the transistors and limit the material choices mostly to
silicon (Si) and tungsten (W) [215-217].

Through-silicon via (TSV) is the latest progression of technologies for making
stacking silicon devices in 3-D. Different techniques may be used for TSV drilling
and filling to allow for 3-D die and wafer stacking with a small form factor [218].
Stacking two wafers together, at the same time integrating them with vertical vias
adopting 3-D technology, is a challenge because of the difference in design rules.
As aresult, the whole process becomes expensive [211]. However, there is no ques-
tion that sooner or later TSV technology will be adopted, but the timing for mass
production depends on how the TSV technology compares in terms of cost with the
existing technologies.
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As a matter of fact, 3-D integration of the wiring system and placing them prop-
erly within the circuit promises higher clock rates, lower power dissipation, and
higher integration density. TSVs are already being put into production for CMOS
image sensors, where the active silicon area is bonded into glass and contacted
from the back side. For some applications, a high bandwidth memory interface
to the logic has been the main driver for the development of TSV technologies.
However, the current design tools used for 2-D ICs cannot be easily extended to
3-D ICs [219].

3-D integration and high-density (HD) packaging, such as system-in-package
(SIP), package-on-package (PoP), die-to-die integration, die-to-wafer integration,
wafer-level back end of line (BEOL)-compatible 3-D hyper-integration (hyper-
integrate terahertz technology, mixed signal processing, wireless and optical sys-
tems) [220], have become important parts in the development of nano-technology
and future telecommunication systems.

According to some pundits, 3-D back end of line (BEOL)-compatible 3-D hyper-
integration is perhaps the most attractive 3-D technology because of its flexibility
for heterogeneous integration of different materials, processing technologies and
functional components with additional benefits in cost and performance.

Recent study reveals that 3-D integration for system-in-package modules
requires a high resistivity silicon (HRSi) substrate. Functions such as broadband
couplers, filters, matching networks, etc. are easily integrated on an interposer high
resistive silicon substrate. On the other hand, AF-45 glass, which was previously
used for MCM-D, has been transferred to an HRSi substrate (p>4 kS2) allowing the
integration of high quality passive components and circuits (e.g. performance of a
7 GHz MCM-D power splitter and a 50 GHz distributed bandpass filter). This study
is a significant step forward in the development of 3-D thin film RF modules [221—
223] and future generations of cellular RF transceivers that require a higher degree
of integration using 3-D generation.

Taking into account all the viewpoints of the experts in this field, one can say that
once the 3-D integration technology has matured and the manufacturing infrastruc-
ture (such as ECAD tools, fabrication equipment and standards) is in place, it is very
likely that more ICs will be designed following 3-D integration because production
of 3-D ICs would lower the production cost [220].

1.17.3.2 Air Gap Technology

Due to constant shrinkage of the critical dimensions in ultra-large-scale integration
(ULSI) the performance of ULSI chips is increasingly limited by the capacitance of
the SiO; dielectric. The capacitance of a circuit in Cu-interconnect ismostly related
to the resistance and the capacitance of the circuit which influences the speed (RC
delay), AC power (CV?f) and cross-talk. Though current low-K materials like flu-
orinated SiO;, amorphous carbon fluoride, and polymer carbon reduce the K value
of the circuit, they require additional processing and pose many challenges of relia-
bility, manufacturability, and integration. Additionally, as integrated circuits (ICs)
continue to scale, the aspect ratio of metal lines increases so that the intralevel
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dielectric (IaLD) capacitance increasingly dominates the interlevel dielectric (IeLD)
capacitance in determining the total interconnect performance [224-226]. To reduce
the interconnect capacitance, the introduction of low-K with microscopic pores have
been investigated aggressively [227].

Air gaps formed between metal lines during SiO» deposition address many of
the concerns associated with low-K materials while offering comparable if not better
capacitance reduction [228-229]. Air gaps reduce the dominating IaLD capacitance,
while leaving the IeLD SiO; intact which provide the structural integrity of the
interconnect stack. These air gaps can be produced by fine tuning the CVD oxide
process.

Different air gap integration approaches have been applied to fabricate multilevel
interconnects. The approaches can be classified mainly in two categories: (a) partial
or complete material removal in between metal lines followed by non-conformal
CVD deposition, because conformal CVD requires an additional dedicated air-gap
lithography for each metal level;however, to overcome the additional processing and
cost blanket dielectric etch processing has been suggested [230]; and(b) damascene
integration of metal lines in a sacrificial material, which can be selectively removed
through a dielectric cap [231-232]. However, the damascene process requires an
additional lithography/etching step to pattern trenches [233]. Moreover, the aspect
ratio of the trenches (closure point height, width and volume of the cavity) must be
controlled.

The most important drawback of air gap engineering is the deterioration of the
mechanical strength of the stack due to the presence of the air gap though the
thermo-elastic stress around the air gap is not very high [234]. At the same time
exact placement of air gaps in specific locations is difficult. As a result, mechanical
integrity is not achieved fully. However, mechanical integrity is less problematic for
non-conformal CVD approaches compared to the sacrificial material approaches,
since the CVD dielectric contributes to the mechanical strength of the stack in wide
spaces. In addition to the mechanical stability, the reliability of air gap engineering
in nano-scale devices raises several questions regarding, via reliability, electromi-
gration failures [235], degraded barriers, interline leakage and air gap breakdown
[236-237].

Recently, IBM has introduced this air gap technology to computer chip manu-
facturing. The method deployed by IBM causes a vacuum to form in between the
copper wires on a computer chip, allowing electrical signals to flow faster (35%),
while consuming less power (15%). A vacuum is believed to be the ultimate insula-
tor for what is known as wiring capacitance, which occurs when two conductors (in
this case adjacent wires on a chip) sap or siphon electrical energy from one another,
generating undesirable heat and slowing the speed at which data can move through
a chip. The new technique adopted by IBM to make air gaps by self-assembly
skips the photolithography and associated processes. Once the holes are formed,
carbon silicate glass is removed, creating a vacuum between the wires. According
to Dr. Douglas Paul, senior research associate at Cambridge University, 35% speed
increase is quite a significant jump in performance just by changing one process in
the fabrication of the chip. The self-assembly process has already been integrated
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with IBM’s state of the art manufacturing line in East Fishkinn, NY, and is expected
to be fully incorporated in IBM’s manufacturing line by 2009.

1.17.3.3 Fabrication Status of Sub-Micron (65 nm and Below)
Devices and Reliability Issues

65 nm Node Technology

In January 2006, about two years after Intel shipped the first 90 nm Prescot, it
began shipping 65 nm versions of its Pentium D Presler processor. According to
the spokesperson of Intel, the gate length of the 65 nm device has been reduced
to 40 nm from 65 nm which was used for their 90 nm Prescot product, without
any alteration of the gate oxide thickness. It is worth mentioning that in 2006 Intel
shipped 70 million 65 nm microprocessors [238]. According to Mark Bohr, Senior
Intel Fellow, 65 nm transistors increase the drive current by 10-50% with enhanced
strain, an improvement that can either provide a leakage reduction of 4 x or improve
the CPU performance [239].

Texas Instruments (TI), on the other hand, has been quietly producing 65 nm
products for third parties such as Nokia since March 2006 using ASIC design flow.
The Nokia baseband processor has a small die size of 13.2 mm?. According to
TIL, its 65 nm process boosts transistors’ performance by 40% and reduces power
consumption from idle transistors by a factor 1000 [240].

In December 2006, AMD entered the 65 nm node technology with an open mar-
ket availability of its 110 mm? Athlon64 X2 dual core desktop processor. The pro-
cess innovation includes a silicon-on-insulator (SOI) substrate, a unique mobility
enhancement scheme and nine levels of Cu-metallization [228].

Xilinx Inc. San Jose, CA has delivered 12 devices across three of the four plat-
forms (LX, LXT, and SXT) from the second half of 2006 (May 15, 2006) through
the first half of 2007. According to the spokesperson of Xilinx, their Virtex-5 LX
FPGAs can deliver unprecedented performance and density gains, with 30 percent
faster speed and 65 percent increased capacity over previous generation 90 nm
FPGAs [241].

By the end of 2006, TSMC, Taiwan, has manufactured the foundry’s first func-
tional 65 nm embedded DRAM. The 65 nm embedded DRAM process (80 GC)
provides high bandwidth, low power consumption, and small cell and macro size,
making it ideal for game consoles, high end networking, and processors for con-
sumer and multi-media applications [242].

Semiconductor International Company, (SMIC) China, has been in the pre-
production phase since June 2007, and is expected to deliver production from
December 2007 of their 2 Gb Nand flash devices.

45 nm Technology

In the beginning of 2008, Texas instruments (TI) Inc. announced that their 45 nm
transistor technology has now widening its way toward mass production in the
second half of that year [243]. The biggest challenge TI’s scientists and engineers
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are facing is the difficulty in controlling the leakage while scaling the silicon oxyni-
tride (SiON) gate dielectric by several angstroms and shortening the gate length.
However, TI’s engineers have been successful in creating abrupt junctions to con-
trol the leakage. There are continual improvements to the implant tools supported by
millisecond annealing techniques. In addition, they have adopted immersion lithog-
raphy for selected critical layers avoiding embedded silicon-germanium (Si-Ge)
stressors or high-K dielectrics. As a matter of fact, hyper-NA immersion lithog-
raphy has brought 45 nm and below imaging within reach [244]. TI reported their
45 nm device fabrication progress at the Solid State Circuits Conference (ISSCC)
in San Francisco, in February 2008.

Intel technology, on the other hand, has been successful in implementing 45 nm
node technology fortheir high-K gate transistors. The introduction of a high-K gate
dielectric has enabled a 0.7 x reduction in Toxwhile reducing gate leakage 100x for
PMOS and 25x for NMOS transistors. In addition to the high-K dielectric, Intel
has introduced dual-band edge work-function metal gates eliminating polysilicon
(poly-Si) gate depletion, which has greatly improved the compatibility with high-K
dielectrics. In addition to the high-K gate, 35 nm gate length CMOS transistors have
been integrated with a third generation of strained silicon that have demonstrated the
highest drive currents to date for both NMOS and PMOS. They further reported that
Intel has been successful in achieving an SRAM cell size of 0.346 wm? by using
193 dry lithography [245]. On November 12, 2007, Intel shipped 45 nm nanometer
microprocessors using high-K metal gate technology [246].

Advanced Micro-Device’s (AMD) researchers have developed a low aspect ratio
FinFET-like transistor at the 45-nm node in the year 2007. The transistor’s switching
speed — expressed in CV/I, a measure of capacitance, voltage, and current — was
0.26 ps for NMOS and 0.45 ps for PMOS transistors. According to AMD those are
the fastest transistors with 20 nm gate length so far reported by any manufacturers.

The gate surrounds a vertical channel, rather than the planar structure, which
stacks the channel, gate oxide, and electrodes between the source and drain. AMD
has used fully silicided (FUSI) metal gates, instead of electrodes made of polysilicon
(poly-Si). Rather than depositing the nickel material, AMD has used the silicidation
process to gradually replace polysilicon with nickel silicide to form the metal gate
electrodes. AMD has also employed fully depleted SOI combined with a metal gate
that creates a strain on the silicon in the channel delivering high mobility electrons
and holes. According to the spokesperson of AMD, their multigate device demon-
strates 50 percent better performance than other multigate devices available on the
market. The structure has a lower aspect ratio than the conventional FinFET, which
eases the burden on the lithographic tools and its depth of field. The multigate device
was reported by AMD at the International Conference of Solid State Devices and
Materials (SSDM) in Tokyo on Thursday, September 18, 2007.

32 nm Technology

There are no unsurmountable obstacles foreseen for scaling 45 nm devices to
32 nm node in 2009. However the transition poses several challenges that have
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remained unsolved. The fourth generation of uniaxial stress including films on pla-
nar transistors will debut with the 32 nm-logic technology node. At the same time,
nitride stressors for both NMOS and PMOS will reach >3 Gpa compressive and
over >2 Gpa tensile stress for blanket film depositions [247]. Since electrons and
holes respond differently to the strain, 32 nm node device fabrication should need
different process parameters to enhance electron and hole mobility. However, by
careful integration these stresses can be transferred to the channel of the device
[248-249].

At 32 nm node, metal 1 and metal 2 pitches will be nearly 100 nm with aspect
ratios 1.7 and 2.3, respectively. As a result, an effective bulk dielectric constant of
the low-K material will be ~2.2. High-K metal gate implementation will require new
materials for 32 nm node with atomically smooth surfaces as most of the hafnium
based oxides degrade the channel mobility [250]. The dielectric barriers should have
reduced K value (low carbon) and film thickness for 32 nm node compared to 45 nm
node.

The integration of the gate stack for the 32 nm node may require either of two
unique methods, e.g. two different dielectrics and one electrode or two different
metal work functions and one dielectric [251].

Double exposure with dry 193 nm ArF and single exposure water based 193 nm
ArF immersion lithography will not meet the printing requirements. However, it
is most likely that immersion lithography combined with either dual exposure or
double patterning might meet the printing requirement.

As a matter of fact, no destructive technologies such as new substrates, biaxial
stress, or double gates, will be needed; instead 32 nm will continue to use silicon
uniaxial stress, and planar transistors. Tables 1.6 and 1.7 illustrate process enhance-
ments that will enable semiconductor manufacturers to deliver significantly greater
functionality in less area.

Table 1.6 SRAM cell sizes

65 nm SRAM cell 45 nm SRAM cell 32 nm SRAM cell

Manufacturer/alliance  size pm? size um? size um?
TSMC Not reported 0.242 0.15
ST Micro, Free Not reported 0.25 Not reported

scale, NXP
Fujitsu Not reported 0.255 Not reported
Intel 0.57 0.346 Not reported
IBM 0.54 0.37 Not reported
Texas Instruments 0.49 Not reported Not reported
IBM, Chartered, 0.54 Not reported Not reported

Infineon, and

Samsung
IBM, Toshiba, 0.65 Not reported Not reported

Sony, and AMD

Source: Real world technologies, Process technology advancements at IEDM 2007.
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Difficult challenges:
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Table 1.7 Interconnect difficult challenges for > 32 nm node technology™*

Difficult challenges >32 nm

Summary of issues

Introduction of new materials to
meet conductivity requirements
and reduce dielectric
permittivity

Engineering manufacturable
interconnect structures
compatible with new materials
and processes

Achieving necessary reliability

Three-dimensional control of
interconnect features (with its
associated metrology) is
required to achieve necessary
circuit performance and
reliability

Mnufacturabilty and defect
management that meet overall
cost/performance requirements

Introduce integration and characterization challenges

Integration complexity, CMP damage, resist
poisoning, degradation in K value. Lack of
interconnect/packaging architecture design
optimization tool

New materials, structures, and processes create new
chip-reliability (electrical, mechanical, and
thermal) exposure. Detecting, testing, modeling
and control of failure mechanism will be the key

Line edge roughness, trench depth and profile, via
shape, etch bias, thinning due to cleaning, and
CMP effects. The multiplicity of levels combined
with new materials, reduced feature size, and end
pattern dependent processes create this challenge

As feature sizes shrink, interconnect process must be
compatible with device roadmaps and meet
manufacturing targets at the specified wafer size.
Plasma damage, contamination, thermal budgets,
cleaning high A/R features, defect tolerance
processes, elimination/reduction of control wafers
are the key concerns. Where appropriate, global
wiring and packaging concerns will be added in
an integrated fashion

*Adopted from The International Technology RoadMap for Semiconductors, 2006.

1.18 Summary

Integration of one billion transistors into a single chip will become a reality before
2010, although some industries are very much optimistic and hope to achieve this
before 2009. The chip will be built on 45 nm CMOS technology with transistors
having a gate length of around 25 nm. It seems that CMOS will remain the main
driving horse as industry continues toward the scaling limit.

In the meantime, 730 nm technology has become a volume production in some
leading IC industries for high-performance and high-density products. However,
180 nm technology is still used in many industries for production of many logic
circuits.

Development of 65 nm technology is in full swing in the industry and there
are some reports in the market that some leading IC industries have already in
production 65 nm logic circuits following 65 nm node technology. As a matter of
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fact, there is no sign of any slowing down in scaling the logic technologies to the
65 nm generation.

The trends of high chip integration densities, enhanced integrated circuit (IC) per-
formance without propagation delays, cross-talk noise, and reduced cost per func-
tion have been the driving force in device scaling, with the consequence of increased
interconnect complexity. Integration of copper (Cu) interconnect with low-K dielec-
tric material in place of aluminum (Al) interconnect and silicon dioxide (SiO3)
dielectric material has resulted in the reduction in the number of interconnect layers
and manufacturing costs.

The introduction of new materials and process technologies for Cu-interconnects
has raised several questions due to additional work related costs. These include
conformal Cu-interconnects with conformal barrier layer, chemical mechanical pol-
ishing (CMP) to form inlaid copper lines/plugs, adhesion at the interface, contami-
nation, and reliability of the low-K materials.

The inlaid dual damascene Cu-interconnect structure can be fabricated by
sequential depositions of PVD (physical vapor deposited) barrier and Cu-seed, and
ECD (electrochemically deposited) copper. The processes are adequate for 0.18 pm
node technology, but at 0.1 wm and beyond physical vapor deposited (PVD) barrier
and seed layers will not be able to provide void free filling. However, it has been
argued that low Cu-resistivity, and good barrier integrity can be achieved by metal
organic chemical vapor deposition (MOCVD).

Lithography consumes a significant portion of the manufacturing cost especially
when the radiation wavelengths are shortened. Today, almost everyone agrees that
we have hopeful potential solutions for extending general CMOS scaling to at least
the hp 32 nm node. At this node, minimum transistor gate lengths are projected
to be within the 13—15 nm range, which is still within theoretical CMOS device
limits. What makes people more nervous in this regime are things like affordable
lithography.

In the field of ion implantation and annealing, monitoring of the precision steps to
reduce device variability has become routine work as the number of implant steps is
increasing with each device generation. For example, with system-on-a-chip (SOC)
devices, the implantation steps can average ~38 for low and high voltage transis-
tors. Implant micro- and macro-dopant precision and variation directly affect device
threshold voltage variability for high energy and high current implantation. There-
fore, implantation damage, amorphization, recrystallization, and silicidation must
be accurately simulated.

The stress—strain behavior of silicon-on-insulator (SOI) structures in CMOS pro-
cessing has also to be addressed. As a matter of fact, strain engineering, which has
opted for 45 nm device structure, can be described as gain with strain and some
pain. It is also true that control of high-aspect-ratio technologies such as dama-
scene challenges all metrology methods. On the other hand, void detection in the
copper seed layer, sidewalls of trenches and via holes, pore size distribution in pat-
terned low-K materials, and proper CD measurements, are the areas of much con-
cern. Most of all, the cost corresponding to customers’ rapidly changing complex
business requirements should not be too high.
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Chapter 2
Dielectric Materials

2.1 Introduction

Copper (Cu) has higher conductivity and resistance to electromigration (EM) than
aluminum (Al) and has been the choice of the semiconductor industry for inter-
connecting metal in sub-100 nm devices. With rapidly decreasing feature sizes and
more demand for circuit speed, low-K and passivation materials have been inserted
with Cu-interconnects to address the additional RC delay reduction [1-2]. Unfortu-
nately, as the thickness of the gate oxide becomes very thin because of the scaling
down of channel length, quantum mechanical funneling occurs for voltages below
the Si/SiO; barrier height which is approximately 3.1 eV [3-4] (Fig. 2.1).

Figure 2.2 shows the simulated results of gate oxide scaling and the current den-
sity when the applied gate voltage is 1 volt. As the thickness of silicon dioxide
(Si03) as the gate material becomes very thin (less than 1.5 nm), the tunnel current
increases significantly.

Therefore, the need exists for a dielectric material with high K(K is the dielectric
constant of the material), which will provide the required electrical properties. Cal-
culations based on experimental data show that the threshold voltage and transcon-
ductance fluctuations become major issues when the gate oxide thickness is scaled
down to less than 1 nm. Figure 2.3 shows that the thinner the gate oxide, the greater
the shift in threshold voltage. As a matter of fact, instability is more severe for
static negative bias temperature (SNBT) than dynamic negative bias temperature
(DNBT) [5].

According to some experts, the NBTI is thought to be an electrochemical activity
that involves the electric field, holes, Si—H bonds, and temperature. Interface traps
are formed when hydrogen (H») is released from the Si—H bond. Figure 2.4 shows
some of the possible chemical activities and probable reasons for instability due to
negative bias temperature (NBT). However, it is expected that using a recessed SiGe
source/drain (S/D) with an elevated S/D structure will minimize the effect [6].

This chapter will be devoted to dielectric materials (low-K and high-K) — the sec-
ond most important material in the copper damascene process. Figure 2.5 shows
the Cu-damascene architecture with low-K materials into the trenches and via
holes.
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Fig. 2.1 The effect of gate 10
oxide on channel length and B
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AV vs. OXIDE THICKNESS
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Fig. 2.3 The dependency of the threshold voltage (V;) on the thickness of the gate (S = source,
D = Drain, and NBTI = Negative bias temperature instability) (Reprinted with permission, Semi-
conductor International, March 2004, p. 48)
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Fig. 2.4 Breaking up of the
Si—H bond, release of
hydrogen (Hy), re-passivation
of the bonds, and lock-in
when Hp is no longer
available (Reprinted with
permission, Semiconductor
International, March 2004,

p. 48, Courtesy, Intel Corp.)
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DIELECTRIC FILM REQUIREMENTS
FOR DUAL DAMASCENE
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Fig. 2.5 The damascene architecture with low-K materials in the trench and via holes (Reproduced
with permission, Applied Materials)

Dielectrics or electrically insulated materials are understood as materials in
which electrostatic fields could persist for a long time. The materials offer a very
high resistance to the passage of electric current, and have been used as thin films
in electronic circuits. In conventional silicon planar devices, deposition of resistors,
capacitors, and their connections are made on stable insulating substrates like silicon
dioxide (SiO»). Thin insulating dielectric films are used in a wide variety of compo-
nents. The films are usually amorphous or near amorphous in nature and they show
higher electrical resistance compared to polycrystalline or crystalline thin films. In
integrated circuit (IC) dielectric materials are used as insulating layers between con-
ducting layers, diffusion and ion implantation masks, capping material for doped
films to prevent loss of dopants, passivation layers to protect devices from impuri-
ties, moisture and scratches, sandwich material between two electrodes to form a
capacitor, and gate oxide [1-2].

The thin film dielectric materials that are most commonly used in exploratory RC
(R, is resistance, and C is capacitance of a circuit) circuit applications are inorganic
substances, mainly the oxides, and halides of metals and semiconductors. However,
scaling down of the devices and the complexity of the integrated circuits (ICs) have
stimulated the development of inorganic, organic and hybrid dielectric materials to
deal with RC problems [7]. In comparing the properties of different dielectric mate-
rials it is convenient to use the capacitance density, which is defined as the capac-
itance per unit area, and is related to the dielectric constant (K) and the dielectric
thickness of the material. The other important electrical properties of a dielectric
material are its breakdown voltage, and dielectric strength. The breakdown voltage
of a dielectric is dependent on the thickness and dielectric strength of the dielectric
material. The dielectric strength for most of the dielectric film materials that have
been used in conventional ICs is between 10° and 10’ Vem™.
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The inorganic dielectric materials that are now being used or are under inves-
tigation for future high-K dielectric materials are silicon monoxide (SiO, K~5.0),
silicon dioxide (SiO,, K~3.9), silicon nitride (Si0O3Ny4, K~6), alkali halides (rubid-
ium bromide, RbBr, K~4.7, lithium fluoride, LiF, K~9.2), barium titanate (BaTiO3,
K varies between 130 and 1000), lead titanate (PbTiOj3, K is between 200 and 400),
and metal oxides (hafnium oxide HfO,, K~40, tantalum oxide, TaOs5, K~ 27, tung-
sten oxide, WO3, K~42, and zirconium oxide, ZrO,, K~24.7).

Linear dielectric materials show a direct proportionality between the electric
moment p (induced) acquired by the particle during the process of polarization and
the intensity E of the electric field acting on the particle in question. The polariz-
ability (xe) of a dielectric is defined as the electric dipole moment p per unit volume
divided by the electric field (E) and the permittivity of free space gg. The dielec-
tric materials having low polarizabilities are better in designing low-K materials.
It has been observed that materials having single C—C and C-F bonds have the
lowest electronic polarizability (20.531 and ~0.555 A3 respectively), making fluo-
rinated and non-fluorinated aliphatic macromolecules potential candidates for low-
K applications [8-9]. Conversely, materials having double and triple bonds show
higher electronic polarizability because of increased mobility of m-electrons (C=C
~1.643, and C=C~2.036 A3). In general, materials with low polarizability having
low dielectric constants show poor adhesion property. In contrast, aromatic 7 bond-
ing configurations have higher bonding strength. Experimental observations show
that increasing the bond length, bonding orientation, as well as discontinuing the
chain by inserting single bond atoms or groups of atoms into the main structure, can
also lower the K value of a material.

Advances in silicon ultra-large-scale integrated (ULSI) technologies have his-
torically been made by scaling of the device dimensions. As a result, to minimize
signal delay a reduced resistance, R, of the metal wiring and a reduced capacitance,
C, of the encapsulating interlayer dielectric (ILD) line are required [1]. Thus the
effort in the development of organic low-K dielectric materials has centered around
inorganic dielectric materials. These organic dielectric materials offer highly desir-
able electrical and mechanical properties. At the same time for future sub-100 nm
devices the thickness of the gate oxide will reach a value less than 1.5 nm, which
will require high-K materials to lower the leakage current and tunneling. This chap-
ter will be devoted to low-K and high-K dielectric materials, their characteristics,
and deposition methods.

2.2 Interlayer Dielectric (ILD)

2.2.1 Introduction

Aluminum (Al) metal lines and silicon dioxide (SiO,) as dielectric material have
been used so far in conventional integrated circuits (ICs). But as the circuit lines
changed to 0.18 pm in width from 0.25 wm, the limiting factor in computer proces-
sor speed shifts from the transistors’” gate delay to the interconnect delay caused by
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the Al-interconnects and SiO, (dielectric material). As a result, the interconnect RC
delay (Fig. 2.6) becomes the major factor, which limits device performance [7].

3.0
- —— Typical Gate Delay
25F o Interconnect Delay, L=5000 um
r —=— Interconnect Delay, L =3000 um
@ 20F
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Fig. 2.6 The effect of feature size on the gate and interconnect delay (Reprinted with permission
IEEE [7])

Thus the need to introduce advanced interconnect and dielectric materials
becomes essential to limit the number of metal levels, die size and to reduce RC
delay in ultra-large-scale integrated (ULSI) circuits. Figure 2.7 shows a multilayer
metallization scheme with interlayer dielectric (ILD).

Technological innovation leads to the development of Cu-interconnect technol-
ogy to replace Al- interconnecting lines since it will lower the line resistance
(R) and improve electromigration reliability. Further requirements of the reduc-
tion of RC delay depend on the value of the stack and inter-electrode capacitance
(Fig. 2.8).

The gate oxide thickness has reached a level where SiO, will not be able to
provide adequate reliability (leakage current and tunneling). Therefore, there has
been a continuous search for dielectric materials that will offer proper K values
(both high-K and low-K), electrical and mechanical properties better than SiO,
and better deposition processes to integrate the dielectric materials in sub-100 nm
devices without much difficulty [1,7, 10-11].

The dielectric constant, K, of a specific material has three main contributions,
namely electronic, ionic (distortion), and orientation. The electronic contribution
comes from the contribution of the electrons under an applied field and is related to
the number of bonds per unit volume. Therefore for a particular class of dielectric
material the electronic contribution is directly proportional to the density of the
material. The ionic contribution represents the response of the atoms to an electric
field and is dependent on the types of atoms (Si, C, H, N, F) present in the material.
The last one, where the contribution is due to the orientation of the molecules under
an applied field, is related to the structure of the material [12—13].
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Fig. 2.7 Multilayer
metallization with interlayer
dielectric (ILD) (Reprinted
with permission, Air Products
and Chemicals, Inc., 2002)

M5
Interconnect

M4

Fig. 2.8 A typical
dual-damascene film stack of
different dielectric materials
including dielectric
antireflecting coating
(DARC)

2.2.1.1 Low-K

There are two primary approaches to achieve low-K dielectric materials. The first
one is to lower the electronic contribution by the addition of fluorine (F) [14] and/or
carbon (C) [15], which will provide the material with an inherently lower electronic
polarizability. The second one is to lower the contribution due to the orientation and
or the ionic contribution. This can be done by the introduction of a free volume in a
material, which will decrease the number of polarizable groups per unit volume and
will lower the atomic or dipolar contributions. Generally, the low-K materials fall
under three categories, namely inorganic, organic, and hybrid (organo-silicates).
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Due to their hydrophobic nature and low polarizability, organic dielectric mate-
rials show lower K values than inorganic materials. However, inorganic materials
retain a SiO»- like matrix, which help them to integrate easily into the existing SiO»-
like processes. Hybrid materials, on the other hand, are typically doped with carbon
(C) to take advantages of both organic and inorganic regimes. Once the base material
is selected (organic/inorganic/hybrid), the next step is the integration of the material
in the sub-100 nm device.

2.2.2 Mathematical Model

The demand for higher speed and overall performance of the ULSI circuits
has prompted extensive development of low-K materials for interlayer stacks
(ILD/IMD). As the device down-sizes, the parasitic resistance and capacitance, i.e.
the RC effects, become dominating factors for circuit performance. We can express
the RC as: RC = 2pK &g {(4L2/P%)+L2/T?)}, where p is the interconnect resistivity
in Q-cm, K the dielectric constant of interlayer dielectric (ILD), gg the permittivity
of free space, L the interconnect length in cm, P the interconnect pitch in cm, and 7'
the interconnect thickness in cm (Fig. 2.9b). From the equation, we can see that by
changing p and K, we can effectively minimize the value of RC [12].

¥ Upper Mctal Layer

Interconnect Metal Layer

" Lower Metal Laver

(a) (b)

Fig. 2.9 (a) Schematic of ILD stack with many discrete layers (Reprinted with permission, AMD),
and (b) equivalent circuit showing the effective capacitance within ILD layers (Reproduced with
permission, Intel Corp.)

Figure 2.9a shows a schematic of an ILD stack with many discrete layers, and
Fig. 2.9b represents the equivalent circuit showing the effective capacitance within
ILD layers. The integrated K value of Cr | together with the K values of the other
stacks will usually refer to the effective K value (Kcfr) of the full stack assuming that
the films are homogeneous.

The K.gr value is a strong function of the thickness of the individual stack, and the
materials used in the cap and passivation layers. Considering the effective resistance
(Retf = {(2pL)/PT)}) and the total capacitance C = (Cry + Cy) we can write the
total RC delay as:

RC = 2pKegeoL*{(4/P* + (1/T%)} Q2.1
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From the above equation it is clear that as the chip geometry drivers (P and 7)
are decreased, and the interconnect length (as the device size shrinks) is increased,
they will force the RC delay to increase. As a result the speed of the circuit will be
affected severely. The dielectric constant (K) of the ILD layer comes indirectly in
the factor C of the RC delay and thus the selection of an ideal dielectric material
with very low-K will be a key to minimizing the RC effect. Figure 2.10 shows the
effective capacitance effect of low-K on Cu-interconnects.
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Fig. 2.10 The effective capacitance effect of low-K on Cu-interconnects (Reprinted with permis-
sion, Semiconductor International, June 2000, p. 118)

To extract Kegr, the capacitance between two inter-digitated combs is measured,
and the dimensions of the combs (dielectric layer thickness and the metal line
shape) obtained from cross-sections are entered into the model. The output of
the model is matched to the measurement by varying the K value of the effective
dielectric [12].

Figure 2.11 shows the results of capacitance simulations which have been used
to extract the effective relative permittivities of interconnect structures by taking
account of the bulk low-K, the dielectric thin films below and above the metal line
(such as the etch stop, hard mask, and cap).

Capacitance simulations (Fig. 2.12) take care of the thickness and the K values
of the damaged side walls (from electron energy loss spectroscopy measurements),
especially when the thickness of the dielectric layer reaches <65 nm. The predic-
tive Kefr simulations show that side-wall damage can no longer be neglected in the
development work when the design node is less than 65 nm.
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N O W)

Fig. 2.11 The embedded metal inside the etch stop, bulk dielectric, hard mask, and cap. The com-
bined structure gives rise to an effective dielectric (broken lines are equipotential lines) (Reprinted
with permission Semiconductor International, July 2004, p. 87, Courtesy, SEMATECH, Austin,
TX)
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Fig. 2.12 Simulated results for the effect of variation of geometrical dimensions on Kefr (Photo
courtesy, Prof. T. Gessner, Chemnitz University of Technology)

2.2.3 Selection Criteria for an Ideal Low-K Material

In order to increase the speed (improve RC delay) the dielectric layer should have
low K, as well as reduce AC power dissipation (CVf, where C is the capaci-
tance, V is the applied voltage, and f is the frequency of the applied voltage). The
magnitude of the value of K is dependent upon the ability of the material to ori-
ent to the oscillations (frequencies) of an alternating electric field. As a matter of
fact, the power consumed by the chip decreases as the interconnect capacitance is
reduced.

The dielectric constant (K) is a physical measure of the electric polarizability
of a material and can be expressed as K = 1 + x.,where xo = M/Egy, &g being
the permittivity of free space, M the induced dipole moment per unit volume of
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the dielectric, and E the applied field. Thus, the most obvious approach to synthe-
size a low-K material is to choose a material with few polar chemical groups with
symmetry to cancel the dipoles of chemical bonds between dissimilar atoms.

Low-K dielectric materials have been targeted for better RC value to increase
speed and to reduce interconnect cross-talk and bit-line capacitance for the memory
chips [8]. It has been found that the devices are more susceptible to cross-talk at
lower voltages and inductive coupling becomes more of an issue at higher operating
frequencies.

The most important advantage of using the amorphous form of glassy silicon
dioxide (Si0O7), in conventional silicon devices, is ease of forming silicon dioxide
(Si0O») by simple thermal oxidation [16]. But the disadvantages of SiO, in the cop-
per damascene process are: (a) oxygen ion vacancies from positively charged defects
that might oxidize the cap layer (barrier) or copper to form ionized Cu*/**ions; (b)
non-uniformity and voids in loose disordered networks, which can form diffusion
paths for the intermediate layers; and (c) most important of all is its high dielectric
constant value (K of SiO; can vary between 3.9 and 4.9) [17].

Thus the need to introduce a low-K material compatible with the copper dama-
scene process becomes essential to reducing RC delay in ULSI circuits. The liner
material (ILD) should satisfy a number of diverse specifications, including good
conformality and continuity, good adhesion, and good electrical and mechanical
properties. But any process change in the semiconductor industry is difficult, yet,
choosing a new dielectric material has been (and continues to be) an exercise in
trying to find a low-K material with electrical, mechanical and thermal properties
comparable to or better than SiO,. Desired properties for these low-K dielectric
materials will depend on the applications and the chip architecture. Some of the
fundamental requirements that a processed dielectric material should show in the
sub-100 nm level devices are listed bellow:

(1) dielectric constant should be below 3.0;
(i) good thermal stability at least at the processing temperatures of the device,
and low coefficient of thermal expansion;
(iii) good adhesion on the substrate and should be conformal after deposition;
(iv) should have low thermal shrinkage, ability to resist cracking and compatible
with chemical mechanical polishing (CMP);
(v) should have an isotropic dielectric constant (K);
(vi) high dielectric breakdown, low charge trapping and leakage current;
(vii) low solubility in HyO and low moisture absorption from the ambient;
(viii) materials should be friendly to the environment and safe during handling;
(ix) processing method should be simple and cost-effective;
(x) should be chemically inert;
(xi) should have high etch selectivity;
(xii) good mechanical properties, i.e. the film should have enough mechan-
ical strength to prevent cohesive failure, and interfaces delamination
(Fig. 2.13).
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105 W#1011016-2 DELAMINATION

Fig. 2.13 Typical cap delamination failure (Reproduced with permission, AMD)

2.2.4 Search for an Ideal Low-K Material

The variation in the dielectric constant is attributed to the frequency dependence
of the polarization mechanisms that contribute to the dielectric constant (K). The
polarizability and K value of a dielectric material are generally results of the addition
of three components (i.e. electronic + atomic + dipolar).

One approach to reduce the K value of a dielectric is to introduce carbon (C) or
fluorine ( F) atoms to increase the free volume of the matrix which will decrease the
number of polarizable groups per unit volume. For example, in SiO(K = 3.9), the
introduction of C atoms to form SiCOH (K is between 2.7 and 3.3), and F atoms
to form fluoro-silicate glass (K is between 3.2 and 4.0), and fluorinated polymides
(K is in between 2.5 and 2.9), reduces its K value. On the other hand, hydroxyl and
carbonyl groups are polar functional groups which can attract water via hydrogen
bonding and thus drastically increase the dielectric constant (K of water ~78.5).
Thus to formulate a low-K material polar functionality containing elements like
oxygen or nitrogen should be avoided.

The other approach that has been successfully implemented to reduce the K value
is by introducing an air gap (K of air is 1) or pores. The addition of pores in a dielec-
tric material is particularly challenging because the percentage of pores needed for
low-K dielectric materials is not an absolute number that can be applied across the
film. Thus the overall dielectric constant of a material can be varied from that of a
dense material down to the value of air (K = 1) [18]. However, the porosity of a
foam (static mixture) depends upon many factors, e.g. pore diameter, distribution of
microstructure, and thickness of the pores (Fig. 2.16).

Based on this rationale, porous silica, referred to as silica xerogel, is synthesized
by hydrolysis and condensation of tetra-ethylorthosilicate (TEOS). A great variety
of formulas have been suggested for calculation of dielectric constant (K) of these
static mixtures (doped and porous dielectric materials) [19]. It is easy to calculate
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the effective permittivity £* of a static mixture as:

= X =1 y1 & (homogeneous connected in series)

™ %

and
¢ = El’»j”(yi /€i) (homogeneous connected in parallel).

where y; is the volume content of the components, ¢; is the permittivity of the
components, and m is the number of the components. Figure 2.14 shows the effec-
tive permittivity of two components A and B versus their volume content in the
mixture. €5 and ep are the permittivities of material A and B, respectively. 1, 2,
and 3 refer to parallel connection, series connection, and statistic distribution of the
mixture, respectively. Our low-K dielectric materials (either doped or with pores)
can be visualized as the static mixture of two materials.

Fig. 2.14 The relative A
permittivity e* of a mixture
of two components A and B A
mixed together vs. their
volume content in the mixture
(Reprinted with permission,
MIR Publishers Moscow) 1

\
T 0% A 100% A

100% B 0% B

There are several formulas that have been developed for the calculation of per-
mittivity of statistic mixtures. Among these, wide recognition has been given to the
formula developed by Lichtenecker and Rother, which is known as the logarithmic
law of mixing. The law can be mathematically expressed as:

loge* = =My loge; (2.2)
For porous polymers with a vast number of small pores (porous low-K) the modi-

fied Lichtencker—Rother equation fits very well and can be represented mathemati-
cally as:
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loge™ = (D*/D)loge (2.3)
where

&x = Permittivity of the foamed material = (mixture/matrix)
& = Permittivity of the solid material

Dx = Volume mass of foamed material (mixture/matrix)

D = Density of the solid material

Figure 2.15 illustrates a nomogram convenient for practical calculations plotted
on the basis of Equation (2.2). The ratio €/e, of permittivities of the components is
plotted on the left vertical axis (assuming &1> ¢2). The volume content of the first
component in the mixture, i.e. y; (in percentage) is plotted on the inclined scale.
The dotted line exemplifies the plot for the solution of a particular problem with a
given ratio of £1/¢; and the value of K.

Fig. 2.15 Nomogram for 2000 £
calculations of dielectric 1500 ’: &,
constant of a mixture 1000 -
following
Lichtenecker—Rother 5{?3 ~
equation (Reprinted with f?@t? o
permission, MIR Publishers 7
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After drilling through all these models a dielectric with permittivity & incor-
porating uniformly distributed (by volume) spherical inclusion of a material with
permittivity &> (volume concentration of inclusions y) can be written as [19]:

e* ={e1(2e1 + &2 + 2y(e2 — €1)}/261 + €2 — ye2 — €1)} (2.4)
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Equation (2.4) can be applied to calculate the effective dielectric constant (Kefr) of
the foam matrix (silesquioxane MSQ with pores). K, K, and Kefr are the dielectric
constants of the bulk MSQ, the pores, and the mixture (foam), and y is percentage
porosity. We can set up a mathematical equation to calculate the effective dielectric
constant of the porous MSQ. The equation can be written as:

Keir = Ko{(1 +20)/(1 — O)} 2.5

where C = y{(K, — K;)/(K, + 2Kj)}. Several investigators have calculated the
effective dielectric constants (Kegr) of porous dielectric materials applying different
empirical formulas and have reported from time to time [20-23].

Figure 2.16 shows different sizes, distribution and structure of pores inside a low-
K porous dielectric material. The porous dielectric materials can be (a) a constitutive
porous dielectric or (b) a subtractive porous dielectric [24]. In a constitutive porous
dielectric, the material is deposited either by various sol-gel reactions — usually a
combination of hydrolysis and condensation processes — or by controlling the S/V
ratio, where S represents the internal surface area of the reactor and V represents
the reactor volume. Constitutive dielectric materials can also be obtained by doping
silica with carbon or fluorine. On the other hand, subtractive porosity is introduced
either by sol-gel processes or through the use of sacrificial nanoparticles, called
porogens, that are desorbed during film cure.

Fig. 2.16 Different sizes, Size Distribution Structure
distribution and structure of
pores inside a low-K porous
dielectric material (Reprinted
with permission, AMD)

Commonly, the pores bearing low-K materials like xerogel and aerogel films have
relatively broad pores, whereas pores in the porogen additive dielectric depend on
the size of the chosen sacrificial nano-particles [25]. Care must taken in the time of
introducing pores so that a monotonic increase in connectivity should not degrade
the film properties.

Silica based dielectric materials can be non-porous or porous. Porosity in these
materials can be either constitutive with pore size of 1 nm or subtractive where the
pore size can reach as high as 10 nm.
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2.2.4.1 Problems with Porous Films

One of the key problems with porous dielectric materials is the diffusion of metallic
precursors through the pores and subsequent degradation of its electrical properties.
Besides, thermal conductivity of silica based porous low-K materials is strongly
dependent upon the porosity. As a matter of fact, with increasing porosity a strong
decrease in thermal conductivity is observed (down to 0.3 W/m K at 50% porosity)
[26-28]. The number of pores, pore size, and the distribution of the pores in the
foam also affect the mechanical properties of the porous dielectric materials. For
example, 45-50% porosity with subtractive techniques show an elastic modulus of
around 2 Gpa or less. Besides, electrical properties and the adhesion of the porous
dielectric materials are seen to decrease with percentage increase of porosity.

Swelling of low-K porous materials in the presence of liquids results in delamina-
tion. The degree of swelling during adsorption depends on the overall rigidity of the
film skeleton. Further, the effect of different etch chemistries, e.g. non-polymerizing
CF4/0;/Ar (hard mask etch) versus polymerizing C4Fg/Ar/N; (low-K etch), demon-
strated undercut versus delay in the onset of damage. During reactive ion etch-
ing, porous low-K dielectric materials forms CF4 compounds that decompose into
volatile products, CO and CO,. The depletion of carbon from these carbon contain-
ing compounds from the surface of the low-K leaves behind several dangling silicon
bonds that ultimately change the physical, mechanical and electrical properties of
the low-K dielectric materials.

Experimental data show that for < 65 nm devices, the K value of the dielec-
tric should be < 2.2 which is primarily produced by introducing pores within the
dielectric materials. Figure 2.14 shows different sizes, distribution, and structure of
the pores in a porous film. One of the methods of introducing pores in dielectric
films is by heating porogen. Unfortunately, the heating process leaves behind pores
along with some carbon residue, which is conductive and dramatically reduces the
breakdown voltage of the dielectric material. However, UV curing with the correct
energy has been successful in minimizing carbon deposition compared to heating
by electron beam or simple heating.

Once the pores are created, beam-positron annihilation lifetime spectroscopy
(PALS) and transmission electron spectroscopy (TES) are used to study the void
volumes and pore structures in the porous films [29-30]. The critical thickness of the
porous films required in maintaining the continuity of the film is determined from
the histograms of the peak height profile obtained from atomic force microscopy
(AFM) [31-32].

Sometimes the pores can be interconnected (elongated, that is ~7 nm or longer
in pore size) and can form a large open area within the dielectric film (Fig. 2.14).
PALS measurements can detect them. The presence of moisture or oxygen inside
these open areas can contaminate the barrier layer and can form oxide. It is not
unlikely for the trapped oxygen to leak to the copper layer to form Cu*/**ions and
to migrate into the silicon layer.

The degradation in mechanical and thermal properties of the porous dielec-
tric material compared to the dense virgin material has become a reliability issue.
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Moreover, if the pores are not sealed properly they can absorb moisture and can
react with fluorine-containing material to form hydrofluoric acid (HF), which is
detrimental to the ILD stack and to the associated layers. The atomic layer deposi-
tion (ALD) method has been reported to be successful in sealing the pores of the
porous low-K material with silica [33-34].

2.2.4.2 Pore Sealing

The methods of pore sealing are dependent on the nature of the pore structures
(mesoporous, microporous with micro- and meso-connections), morphology and
chemical nature of the surface bearing the pores. In order to avoid the problems
encountered with porous dielectric films, the pores are not generally sealed until
the value of K reaches below 2.5 or the film porosity reaches more than 30%. The
most common method practiced for pore sealing is plasma ashing followed by either
physical vapor deposition (PVD) or plasma enhanced chemical vapor deposition
(PECVD). However, care must be taken to ensure that the penetration of the sealing
material should not act as a barrier but will give a good surface fitting to the copper.

Needless to say, deposition of a pore sealant in the pores should be compatible
with the low-K dielectric with minimum thickness. Sealants like silicon oxycarbide,
SiC:H, parylene, and benzocyclobutane (BCB) have been used so far and the results
of their compatibility with low-K dielectric materials have been reported from time
to time [35-39].

2.2.5 Achievement

2.2.5.1 Porous Silicon Dioxide (SiO;) (the Xerogel)

In order to lower the effective dielectric constant (Kefr) of SiO;, pores are intro-
duced inside the SiO, matrix. The porous silica is termed xerogel, and is prepared by
hydrolysis and condensation of either tetra-ethyl-orthosilicate (TEOS) or its deriva-
tives [33]. Depending on the porosity and the processing technologies the K value of
a porous xerogel can vary from 1.3 to 2.5. A highly porous xerogel is called aerogel
[11, 40]. Final porosity during spinning can be controlled by using solvents, such as
ethylene glycol (EG) or dimethylsulfoxide [41]. The drawback with the porous xero-
gel film is that it shows cracking patterns (Fig. 2.17) when the film is thin (<1 pwm)
[42—43]. Experimental observations further show that all interfaces having energies
below 5 J/m? lead to either film delamination or cracking and become a reliability
threat during packaging and testing [44].

2.2.5.2 Carbon Doped Oxide

The synthesis of a nanopore carbon doped oxide (CDO) is reported with atomic
composition of Si : C: O : H as 20.5 : 14.5 : 31 : 34. The porosity of the film
is detected as ~ 20% with pore size of 1-4 nm. A 200 nm commercial CDO film
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(a) (b)

Fig. 2.17 (a) Xerogel cracking on a <100> Si-wafer, and (b) cracking on a <111> silicon wafer
(Photo courtesy, Prof. K.N. Tu, UCLA, CA)
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Fig. 2.18 The structure of silica and carbon doped silica (Reprinted with permission, Prof. R.H.
Dauskardt et al., Stanford University, CA)

(Orion) deposited by PECVD shows a K value less than 2.2, with excellent thermal
stability up to 600 °C and a leakage current of 1 nA/cm? at 2.5 MV/cm. Figure 2.18
shows the structural change of silica when it is doped with carbon.

2.2.5.3 Black Diamond

Black Diamond (BD) is a low-density silicon dioxide-like material formed
generally by chemical vapor deposition (CVD). The precursors used include
silicon-containing compound, typically an organosilane (RSiH4,) and an oxidizer.
The density and the K value (2.5-2.7) of the material can be controlled by appropri-
ate choice of R (network terminating group). The CVD processed film is isotropic
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and amorphous in nature. The measured leakage current and breakdown field of the
film have been reported as ~5 x 10°A/cm? at 1 V and >2.5 MV/cm, respectively.
An eight-level Cu/black diamond integrated architecture is shown in Fig. 2.19, and
Fig. 2.20 shows a nine-level metal with black diamond dielectric layer which has
been fabricated by following the 130 nm process technology.

Fig. 2.19 Eight-level Cu/black diamond integration (Reprinted with permission, Applied
Materials)

Fig. 2.20 AMD’s 130 nm
process, which uses nine
levels of metal, black
diamond low-K dielectric and
BLOK dielectric barrier film
(Photo courtesy Applied
materials)

2.2.5.4 Bezocyclobutene (BCB) Based Polymer

In the late 1980s biscyclo (4,2,0) octa-1,3,5,-triene or 1,2-dihydrobenzenzocyclo-
butene, a low-K polymer, was formulated based on benzocyclobutene (BCB). Later
on, a new formulation of BCB was reported as B-staged BCB which is a partially
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cross-linked 1,3,-divenyl-1,1,3,3 tetramethyldisiloxane-bisbenzocyclobutene (DVS-
bis-BCB), a monomer in mesitylene solvent [33]. Figure 2.21a shows the structure
of BCB and Fig. 2.21b represents DVS-bis-BCB.

Fig. 2.21 Chemical structure
of (a) BCB and (b)
DVS-bis-BCB

(a)

CH, CH,
7 S—O—|Si X
(b) | |
CH, CH,

Table 2.1 shows some of the physical characteristics of bezocyclobutane (BCB).
The dielectric K can be reduced further by the addition of fluorine (F). However, flu-
orine (F) readily attacks tantalum based barriers, leading to volatile TaF, formation
and ultimately loss of adhesion in the interface layer. The disadvantage of using this
material is its higher moisture intake, which makes the film vulnerable to cracking.

Table 2.1 Characteristics of BCB dielectric film

Dielectric ~ Dielectric Volume resistivity CTE Thermal
Material ~ constant (K) strength (V/cm) (€2-cm) (ppm/ °C) conductivity W/mK
BCB 2.49-2.65 3 x 106 1 x 10" 52 0.29

[31,33,40, 43]

2.2.5.5 Aromatic (Hydrocarbon) Thermosetting Polymer (ATP)

Aromatic (hydrocarbon) thermosetting low-K polymer is receiving much attention
for back-end-of-line (BEOL) applications in sub-100 nm node technology for its
low moisture uptake and high fracture roughness [45]. The commercial product of
ATP is SiLK- a cross-linked poly-aromatic matrix. It largely eliminates the nuclear
polarizability component and shows high bond strength and excellent thermal resis-
tance [46—47]. It is expected that this commercial product will serve the purpose
of an ILD material in both Cu-damascene and Al-W systems. The polymer has an
isotropic K value and some commercial houses are using this low-K dielectric mate-
rial in a two-level Cu damascene process [44]. Figure 2.22 shows the structure of
SiLK.

Figure 2.23 shows a scanning electron micrograph of the 130 nm Cu-damascene
process architecture with SiLK as ILD [48].
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Fig. 2.22 Structure and synthesis of SiLK
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Fig. 2.23 Scanning electron micrograph of IBM’s 130 nm Cu-damascene process with SiLK poly-
mer (Reproduced with permission, IBM Research)

2.2.5.6 Hydrogen Silesquioxanes (HSQ, HSiO1 s)

The chemical formula for HSQ can be written as (R Si (OH),O3_y) 2), Where R
is hydrogen or a methyl group, n is an integer whose value is greater than 8, and
the value of x is between 0 and 2. The reactive mixture is composed of chlorosilane
(RSiCl3) and a polar organic solvent containing water or hydrogen. The solvent
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must be able to form hydrogen bonds with residual silanol (Si—~OH) groups [49].
Ethyl acetate or methyl isobutyl ketone is the possible solvent which has been used
in the experiment [50]. The dielectric constant (K) of HSQ is 2.9 [51], which can
be further reduced either by introducing bonds with lower polarizability or by pores
[52-53]. The nano-pore material forms an extra-low-K (XLK) material with reduced
density.

FoX (flowable oxide), a commercial product of HSQ, condenses at elevated tem-
peratures and forms a ladder network. During annealing care must be taken so that
there is no exchange of hydrogen and/or oxygen atoms from moisture, which could
raise the K-value of the material due to the presence of silonol (Si-OH) groups. In
methyl silsesquioxanes (MSQ, RSiOj 5, where, R stands for CH3) this problem has
been avoided by the substitution of the liable H atoms by hydrophobic organic R
groups (Fig. 2.26). However, when an organic material is integrated into an inor-
ganic resin matrix, they can segregate at the surface to lower their free energy, pos-
sibly leading to adhesion problems [48].

The synthesized HSQ can form two basic structures, namely a ladder structure
(Fig. 2.24) and a cage structure (Fig. 2.25) and the film can be deposited by the
spin-on-deposition (SOD) technique. The main drawback with HSQ is its thermal
instability [54-57].

-H H o n H O H H H . °H
Hom_H‘tSi/OHSI[_,O.‘HQ‘Sifoxsf_/oﬁm;iSi/o__ﬁSi,,....-o..ﬁ_;;Si/
o o O ,o o ¢ 9
si Sie_—Si S S Sl —Si
HoT™ : ~07 \ 07 ¢ 07 N0 0T TOT SN
H H H H H H OH

Fig. 2.24 Ladder structure of hydrogen silsesquioxane (HSQ)

Fig. 2.25 Another form of hydrogen silsesquioxane (HSQ) which resembles a cage structure
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2.2.5.7 Methyl Silsesquioxane (MSQ)

Methyl silsesquioxane (MSQ, CH3SiO;5) is synthesized by the hydrolysis of
methyl triethoxy silane [58-59]. Commercially available MSQ has a K value of
~2.7. Due to the presence of hydrophobic organic H atoms in MSQ, the hybrid
polymer is protected from environmental oxygen to form any silanol groups that
might increase its K value. Cross-linking (curing) takes place in MSQ through reac-
tions of the alkoxyl silyl groups on the oligmers. The main difference between HSQ
and MSQ is that MSQ is more stable at high temperatures (400 °C and above) [49].
Figure 2.26 shows the ladder structure of MSQ.
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Fig. 2.26 Methyl silsesquioxane (MSQ) ladder structure

Processing of Low-K MSQ

Case I: By varying the percentage of porogen (organic polymer) from 1 to 30% in
MSQ the porosity and the pore size inside the hybrid polymer can be changed from
12 to 34% and from 10 to 15%. As a result, the dielectric constant of the foam is
found to change from 3.5 to 2.5 (Fig. 2.26). However, the wall density is found to
be independent of the porogen content [60].

The inorganic—organic matrix gives rise to a hybrid system, which offers versa-
tility and extendibility of the host matrix since the matrix material remains constant
and only the loading of porogen varies [61]. Figure 2.27 shows the process sequence
of blending thermosetting resin with dendritic polymer (porogen) and subsequent
spin coating of the hybrid foam over a substrate. However, the main drawback of
this hybrid matrix is that at elevated temperatures porogen decomposes and sub-
sequently diffuses as a volatile product. Figure 2.28 shows the effect of porogen
blending on the K (dielectric constant) value of the matrix.

Case II: Another way to change the K value of MSQ is to introduce an air gap by
using a family of polynorborness [62—-63]. It has been reported that the addition of
20% derivatives of norbornene (NB) polymer containing triethoxy silyl groups pro-
duces ~70 nm pores in MSQ and it reduces the K value of the foam from 2.7 to 2.3.
The voids created in this method exhibit a closed pore structure, which is advanta-
geous from the standpoint of moisture intake. In addition to that, NB changes the
number of pores but not their sizes.
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Fig. 2.27 The hybrid mix of inorganic silesquinone with organic porogen polymer solubilized in
a common solvent (Reprinted with permission, IBM Research, [61])

Fig. 2.28 The initial porogen
content (Wt%) in MSQ versus
change in K value of MSQ
(Reprinted with permission,
R.H. Dauskardt, Stanford
University, CA)

2.2.5.8 Poly (Arylene Ethers) (PAE)

Dielectric Constant k (at 10KHz)
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Poly-arylene ethers (PAE) are synthesized by reducing bisphenol with activated
defunctionalized aromatic precursor. The PAE family is a non-fluorinated poly-
mer and shows a K value of ~2.8. The elimination of fluorine from the PAE has
shown better results in the areas of low out-gassing after cure, thermal stability, low
moisture uptake, good solvent resistance, and adhesion over the substrate [64]. The
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commercial products of the PAE family are FLARE and VELOX [65]. FLARE is a
bridged PAE with a dielectric constant of 2.5 and has shown thermal stability up to
400 °C [66]. Figure 2.29 shows the structure of a PAE family.

g, 0= joro.ofe,

) ) ) ) Bis-Phenol Polyarylene ether
Activated Difunctionalized

Aromatic Precursor

Fig. 2.29 The structure of poly-arylene ether low-K polymer

2.2.5.9 Parylene

Parylene is a common generic name for a unique series of polymers based on
paraxylene. The thermoplastic polymer family is available in three trade names
as: parylene N, parylene C, and parylene D [67]. The synthesis of the material is
performed in a vacuum by pyrolysis of di-p-xylene (dimmer). The temperature dur-
ing synthesis is very critical because it changes the morphology of the film from
a homogeneous (non-porous) structure to a heterogeneous (porous) structure [68].
When fluorinated, parylene-N shows lower K (2.65-2.1) values but the adhesion
of the co-polymer is impaired [70]. Experimental observations show that the CVD
process produces films with better conformality and good gap filling compared to
spin-on deposition (SOD) [69].

2.2.5.10 Teflon AF

This is a copolymer of tetrafluoroethylene and 2,2, -bis trifluoromethyl-4,
5-difluoro-1,3-dioxole [71], having optical and mechanical properties similar to
other amorphous polymers including strength. The K value of the material is
between 1.89 and 1.93, and it shows very good thermal and chemical stability at
elevated temperatures [72].

The Teflon AF polymers are distinct from other fluoropolymers in that they are
soluble in selected solvents, with high gas permeability, compressibility, creep resis-
tance, and low thermal conductivity. The index of refraction of these polymers is
between 1.29 and 1.34. Figure 2.30 shows the structure of the AF copolymer of
Teflon and perfluoro-2,2-dimethyl-1,3-dioxole.

2.2.5.11 Diamond-Like Carbon (DLC)

DLC film shows high electrical resistivity and dielectric constant which can range
from 102 to 10'°Q-cm and 2.7-3.8, respectively, depending on the deposition con-
ditions [73-74]. However, when doped with nitrogen, the film shows lower K
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Fig. 2.30 The structure of Teflon AF®

(2.4-2.8) values and internal stress. A film of DLC can be deposited by the PECVD
method using hydrocarbon as a precursor [75]. Besides the PECVD method, deposi-
tion of DLC has been reported by microwave plasmas [76], dc discharge, and ECR
(electron cyclotron resonance) methods. DLC is an amorphous, metastable mate-
rial and is grouped into four categories according to whether the material contains
hydrogen or not [77].

2.2.6 Impact of Low-K ILD Materials on the Cu-Damascene
Process

The choice of dielectric material has significant impacts on both lifetime and pack-
aging reliability. Dual laid Cu-interconnect with low-K ILD has been introduced
to address the RC delay reduction. However, porous low-K dielectric materials are
generally less dense than SiO». As a result, integration of low-K materials in a Cu-
damascene architecture has become a challenge (Fig. 2.31).

The pores in the dielectric medium are supposed to be spheroid and the porous
dielectric medium can be considered as a random composite medium. In order to
address the reliability issues of the porous dielectric, the dielectric layer is sand-
wiched between passivation layers and/or the pores are filled with some different
material. Thus the total K value of the dielectric has to be calculated from the
effective K value (Kefr) of the composite [78]. One way to determine the K¢ value is
to apply the effective medium theory developed by Bruggeman, which is presented
mathematically as [79-80]:

SHKL + Kef) /(K1 + 2Kefp)} + f2{(K2 — Ketr) /(K2 + 2Kegr)} = 0 (2.6)

where f1 and f> represent the fraction of the two dielectric materials having K; and
K> values. The value of K.f, due to mixing of two dielectric materials, can be
determined by substituting the values of fi, f>, Ki, and K> in the above equation.
Bruggeman’s model helps us to choose a barrier layer and an etch stop for a par-
ticular ILD material. From Fig. 2.32, we can see how the change of barrier layer
from silicon nitride based material to silicon carbide based material significantly
influences the K¢ value even before the low-K ILD is introduced.
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Fig. 2.31 Different challenges related to low-K integration in integrated circuits (ICs) (Courtesy,
Peter J. Wolf)
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Fig. 2.32 The SiC based dielectric barrier impacts the effective K value much less dramatically
than the traditional nitride film (Courtesy, Applied Materials)

The number of pores in a dielectric medium not only controls the K value
but it also controls the mechanical strength and thermal conductivity of a dielec-
tric film that ultimately controls the cracking, and delamination properties of the
film [10]. The mechanical strength of a low-K dielectric material is important for
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chemical mechanical polishing (CMP) operations, where the dielectric strength
impedes Cu™/* diffusion at higher electric fields (approximately 1 MV/cm or
above) [81-82].

To integrate the low-K dielectric material in Cu-interconnect structures it is help-
ful to sandwich them between capping stacks. The capping materials should also
have low K, and should be compatible with photolithography processes [70]. Amor-
phous silicon carbide (SiC) [69] has low relative permittivity, good adherence prop-
erties on the substrate, high modulus and hardness [68], is chemically inert and
moisture resistant [71-72], and has shown promising results as a capping material.
Besides SiC, amorphous SiC:H has also been used as a cap layer and anti-reflecting
coating (ARC) but dry etching of the material is hard. However, recent result shows
that A1r/CF4/N,/Ochemistry is able to dry-etch a-SiC: H [75].

Fluorinated oxide shares many integration similarities with undoped plasma
oxides and is being extensively developed as the next generation ILD material with
K~3.5. Fluorinating a dielectric is a common method of reducing K provided that
the fluorine atoms are incorporated correctly. The external electric field cannot per-
turb the fluorine atom, because of its high electronegativity. Thus it is not possible to
polarize it easily. But fluorine being a highly reactive element, excessive fluorination
might corrode the metal and the dielectric.

Organic polymers, especially the polyimides, have good mechanical strength,
thermal stability, and show high chemical resistance but their K values are typically
more than 3.0. Moreover, they absorb moisture and show significant anisotropy in
the dielectric constant. These shortcomings have stimulated the chemical indus-
try to develop different families of low-K dielectric materials that are tailored
to ILD integration. These include polyarylene ethers, derivatives of cyclobutane,
polynobornenes, amorphous Teflon®, phase separated inorganic—organic hybrids,
parylene-N, parylene-F, polynapthalene, and polytetrafluoroethylene [83].

Table 2.2 shows some of the promising materials for low-K application in Cu-
interconnects and their suitable deposition methods.

Table 2.2 Low-K dielectric materials

Materials Dielectric constant Deposition process
Silicon dioxide (SiO3) 3.8-39 PECVD
Carbon doped SiO; 2227 PECVD
Bezocyclobutane (BCB) 2.49-2.65 Spin-on
HSSQ 2.9 Spin-on
MSSQ 2.7 Spin-on
Polyarelene (PAE) 2.8 Spin-on
Parylene-N 2.8 CVD
Parylene-F 23-25 CVD
Teflon AF 1.89-1.93 Spin-on
Diamond like carbon (DLC) 2.7-34 PECVD
Fluorinated DLC 2428 PECVD

Aromatic thermosets (SiLK) 2.6-2.8 Spin-on
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2.2.7 Deposition Techniques

Deposition methods for different materials frequently used in Cu-damascene pro-
cesses have been presented in a separate chapter. In order to keep the flow of the
damascene architecture, a brief outline of the low-K deposition system is presented
here. The chapters in the book have been arranged in sequence with the damascene
process flow.

2.2.7.1 Flow chart for Damascene Architecture

(a) deposition of dielectric material;

(b) pattern generation (to create trenches);
(c) deposition of barrier layer;

(d) Cu-seed layer;

(e) electro-chemical deposition (ECD) of Cu;
(f) planarization; and

(g) via holes if necessary.

The deposition techniques used for the deposition of dielectric films include low-
pressure processes such as physical vapor deposition (PVD), sputtering, plasma
deposition, and chemical vapor deposition (CVD). The processes operating at atmo-
spheric pressure may include thermal oxidation, conventional CVD, anodization,
electrophoretic deposition, spin-on/spray-on technologies, screen printing and mis-
cellaneous deposition processes, e.g. roller coating, offset printing, etc. [69—72]. Use
of CVD processes offers an evolutionary approach for inter-metal low-K dielectric
materials (IMD) with transition from plasma enhanced CVD (PECVD) SiO; to so-
called organosilicate glass (OSG). However, the high plasma energy of PECVD is
detrimental to the deposition of inorganic materials, especially the materials con-
taining fluorinated amorphous carbon (FLAC).

Spin-on deposition (SOD), on the other hand, is very much like photoresist (PR)
deposition, but the baking temperature of the SOD dielectrics is higher (400 °C and
above) relative to the post-baking temperature of PR (130-140 °C). Many factors
affect SOD processing, including track system cost, material cost (amount of mate-
rial needed to coat), and track system throughput. Thus the process becomes very
lengthy and expensive. Moreover, curing and pore generation at the same time are
very difficult to achieve with SOD systems especially if the curing is done on a hot
plate.

On the other hand, organic spin-on materials and inorganic CVD materials can be
complementary, making hybrid integration a viable and attractive option. By elim-
inating process steps and allowing chip makers to use some of their current CVD
equipment, the hybrid approach will allow the manufacturer to extend their knowl-
edge in tackling the sub-100 nm node copper damascene process. It is most likely
that organosilicate glass (OSG) will be the candidate for CVD technology while aro-
matic thermoset resin (ATR) could possibly be patterned with inorganic dielectric
materials.
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Thus there are two main strategies suitable for depositing low-K materials: (a)
SOD and (b) CVD. For both SOD and CVD processes there are methods and mate-
rials that are unique combinations for a particular system. However, SOD is con-
sidered to be the most widely used method. CVD films, on the other hand, have
given the biggest accomplishment in sub-100 nm processes. CVD grown OSG has
the capability of producing film with K<2.5 which is not possible to grow with
other methods. Although the CVD process has been the mainstream deposition pro-
cess for silicon based inorganic dielectric materials, there are some shortcomings in
vapor deposition methods when the dielectric material is a polymer. Therefore, one
can say that the degree of molecular control one can exercise with the SOD process
is not possible with a CVD system. Figure 2.33 shows a commercial low-K material
(FLARE) which has been integrated in a Cu-damascene architecture.

Fig. 2.33 Scanning electron
micrograph (SEM) of FLARE
integrated into the damascene
structure (Courtesy of
Honeywell Corp.)

However, there are controversies about SOD low-K materials and CVD carbon
doped oxides. As a matter of fact, some of the spin-on organic varieties include
polyarylene ethers, derivatives of cyclobutane, phase separated inorganic—organic
hybrids, amorphous Teflon, xerogels, and polynorbornenes. On the other hand, the
CVD alternative of organic polymers covers parylene-N and F, polytetrafluoroethy-
lene (Teflon), and polynapthalene. But when the mismatch of the coefficient of ther-
mal expansion (CTE) between two adjacent materials is an issue, the use of low-K
SOD materials will be a matter of much concern. Moreover, delamination of SOD
films at the point where interconnect via holes are attached to copper wire has been
a troubling episode. Considering all of these facts, we can say that instead of using
SOD or CVD alone, use of both in the 65 nm node technology might be a viable
alternative.

Figure 2.34 shows a picture of a SOD coating system. Depending on the SOD
material, the coat track design and processing requirements will differ. Generally,
SOD track platforms are developed around resist tracks and are designed to contin-
ually remove evolved gases from the spin cup and hot plate areas.
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Fig. 2.34 The spin coating
process (SOD) for dielectric
materials used in the copper
damascene process (Courtesy
of Tokyo Electron Limited)

2.3 High-K Dielectric Materials

2.3.1 Introduction

The semiconductor industry is feverishly ferreting after a dielectric material for
a gate which will provide a very high-K, low leakage current and a low equiv-
alent oxide thickness (EOT) compared to silicon dioxide (SiO;) [84-85]. The
search is spurred by the urgency of minimizing power consumption, particularly in
battery-driven high-performance sub-100 nm devices [86—87]. As the thickness of
silicon dioxide (Si07) approaches <1.5 nm, the leakage current becomes > 1 Alem?
and the tunnel current is seen to increase significantly. Therefore, it is expected that
the future high-K materials for sub-100 nm node technology should provide excel-
lent electrical characteristics such as dielectric constant (K) >30, interface density
<1 x 10'/cm?-eV, tunneling current < 10 mA/cm?, and negligible hysteresis [88—
90]. An important issue preventing the implementation of high-K gate material is
charge trapping in pre-existing traps inside the dielectric material, which affects the
threshold voltage.

Scaling the thickness of the gate dielectric has long been recognized as one of the
keys to scaling devices [91]. But when the oxide is made thinner, and the substrate
doping is increased, the electric field applied to the oxide/silicon interface causes a
significant quantization of the carriers perpendicular to the interface [92].

The International Technology Road Map for Semiconductors (ITRS) projected
that for 45 nm node technology, the equivalent oxide thickness (EOT) should be
<1.0 nm. The EOT scaling is very much dependent on high-K gate stacks, that
include multilayer structures of SiO; interfaces with silicon (Si) substrates, includ-
ing deposited high-K dielectrics. For efficient operation of the device, the interfacial
layer created during surface preparation should have minimum interfacial charge
to maximize channel mobility [93]. In addition to that, the high-K dielectric layer
deposited by oxidants (ozone, O3) during the CVD or PVD process should have
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sufficient barrier height, minimum charge-traps [94], and reduced tunneling leak-
age and the metal gate electrodes should be electrically and thermally stable with
controllable work function [95].

During device fabrication with high-K, etching of Si wafer is generally done
with hydrofluoric acid (HF) followed by an ammonium hydroxide (NH4OH) sur-
face treatment. The operation reduces EOT but degrades mobility due to surface
nitridation. On the other hand, chemical oxidation by ozone (O3) is seen to increase
mobility at the expense of EOT. However, compared to chemical oxide, in situ steam
generated interfaces exhibited better overall electrical performances.

Recently, oxides of the transition metals (TaO» and TiO;) [96] Al,03[97], ZrO»,
[98-99], HfO,, [100-101], ferroelectric materials (Pb(Zr,Ti)O3, (Ba,Sr)TiO3) [102—
104], and metal silicates (ZrSi Oy, HfSiyOy) [105-107] are showing promise for
high-K gate materials in sub-100 nm node technology.

2.3.2 Impact on Scaling and Requirements

The gate dielectric has not been scaled as rapidly as feature size. It is expected that
by the end of 2015, the equivalent oxide thickness (EOT = (#; (bottom) — 7, (top))
(K1/K3)) will be a few angstroms to minimize short channel effects and maximize
device drive current. To meet all the stringent requirements of a sub-100 nm device,
the gate dielectric must be physically thick, and it must have reasonably large band
offsets to silicon (Si), so that it can minimize direct tunneling [88, 107—108].

On the basis of the requirement of ITRS [109] for a high-K dielectric material,
a relation between the required K corresponding to the offset barrier of the material
has been established and is shown in Fig. 2.35. However, the tradeoff between offset
barrier height and K should meet the leakage current specification of a 22 nm device
at low-stand-by power mode [88].

22-nm low-standby-power node
0.9-nm EOT

09V

N
n
e

[

0.056 A/cm? allowed leakage

[
T

Offset barrier height (cV)

e
A
T

A A o s a b o o 2 o b o aaa b o o o a bl o aa b o i i
5 10 15 20 25 30 35 40
Relative dielectric constant

Fig. 2.35 The relation between relative dielectric constant of an insulator with its barrier height
(Reproduced with permission, IBM Research, [88])
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Table 2.3 Comparative analysis of band offsetts and dielectric constants (K) of different dielectric
materials

Insulator Bandgap (eV) Relative dielectric constant Conduction band offset (eV)
SiO; 9 3.9 3.15

Si3Ny 53 7.9 2.4

Al O3 8.8 9.5-12 2.8

ZrSiOy4 ~6 10-12 1.5

7rSiOy4 4.5 0.7 (interfacial layer)
HfSiO4 ~6 ~10 1.5

ZrO, 5.7-5.8 12-16 1.4-15

HfO, 4.5-6 16-30 1.5

Lay03 ~6 20.8 1.5

TaOs 44 25 23

TiO, 3.05 80-170 ~0

Reprinted with permission IBM Research and Deyv. [88]

Table 2.3 shows the comparative analysis of band offsetts and dielectric constants
of different promising high-K materials [110-112]. From the table we can see that
the conduction band offset decreases with increasing dielectric constant (K). The
K, however, is related to the phase of the material and the first principles density
functional approach confirms that the cubic phase has the highest K value [113].
However, the electronic density of states and the band gap do not have a profound
effect on the electronic dielectric constant [114]. Thus it seems that novel structural
modifications of a dielectric material might possibly provide a route to enhance
the K value [115]. Above all, high-K gate dielectric materials should preserve high
device channel mobility, low interfacial charge scattering centers, and should not
degrade the interfacial roughness [116]. Furthermore, the conduction mechanism
inside the dielectric should be electronic and not ionic because of the reliability
issue.

2.3.3 Search for a Suitable High-K Dielectric Material

2.3.3.1 Nitrides and Oxynitrides

It is true that a single molecular layer of SiO;, which contributes about 0.3 nm to
the overall EOT, will not be able to meet all the requirements of a 65 nm device.
Therefore, an alternative high-K dielectric material suitable for the sub-100 nm Cu-
damascene process has to be identified.

It seems that oxynitrides and combinations of oxide and nitride of metals and
semiconductors [117-118] including nano-crystalline alloys will serve as potential
candidates as gate dielectric materials for advanced Si devices [119-120]. These
materials have moderate to high K and can be optimized to a thickness of 1 nm to
reduce the leakage current by about two orders of magnitude [121-122], which
is not possible to achieve with SiO;. However, it is very difficult to fabricate a
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reproducible gate material at the nanometer scale, which will be able to withstand
the passage of a current density on the order of 10°A/cm?(which means about
101 C/em? of charge over a ten-year life time) [111].

Amorphous silicon nitride (Si3N4) [123—124] is another potential candidate for a
gate material. It can be deposited by any one of the following processes, such as: rf
sputtering using an a-Si target with nitrogen discharge or by the reaction of SiH4 and
NH3 in the presence of nitrogen (N») or with plasma enhanced cold wall systems.
Si3N4 has a high dielectric constant (6-9 versus~4.2 for CVD SiO,), making it less
attractive for inter-level insulation.

Oxynitride films of silicon (SiOyNy, (H_)), which has attracted attention as a
gate material, have physical and chemical properties that are intermediate between
silicon dioxide and silicon nitride [125]. The material can be deposited in the same
way as Si3Ny with additional introduction of nitric oxide (NO) and ammonia (NH3)
gas. Properties of the material can be tailored for improved thermal stability, low
stress, and crack resistance. However, the etch rate of the glassy mixture in buffered
HF is about 35 times higher than SizNy films [126-127].

2.3.3.2 Tantalum Oxide (Ta;Os) and Titanium Oxide (TiO;)

In recent years many investigators have renewed their interest in Ta;Os and TiO;
because these materials have high dielectric constant (K). Unfortunately, for a large
number of high-K materials, the band gap is inversely proportional to K. To reduce
leakage current tunneling, while maintaining the same gate capacitance, the mate-
rial should have a large band gap and barrier height between the electrode and the
conduction band of the dielectric [128-129].

TayOs is the most thoroughly studied dielectric, used in thin film capacitors and
as a gate dielectric [130-135]. Recently, atomic layer deposition (ALD) of Ta;Os
using Tals and O, precursors is gaining importance as high-K material in dynamic
memory circuits [136]. However, the oxides of Ta and Ti are thermally unstable
when it is deposited over silicon, and an additional passivation layer raised concern
about the scalability of EOT and process complexity [137].

2.3.3.3 Hafnium Oxide (HfO;)

CVD and ALD deposited oxides (HfO,), silicates (HfSiO, and HfSiON) and alu-
minates of hafnium (Hf) show higher K and lower leakage current than SiO, at
the same EOT. The materials also offer a higher limiting offset barrier (0.5 eV)
[138—-139] besides being stable thermodynamically and electrically over silicon (Si)
at high temperatures [140-144]. At the same time silicon dioxide and oxynitride,
the traditional gate dielectric materials in field effect transistors (FETSs), are rapidly
approaching their ultimate thickness. Thus, the compounds of hafnium are under
investigation.

Besides HfCl4 and H,O, Hf amides and Hf alkoxides are used as precursors
to deposit HfO, during ALD [145]. On the other hand, in reactive dc magnetron
sputtering [150], and CVD (MOCVD), Hf (NO3z)4 is used to deposit HfO, films
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[146-149]. However, when the temperature exceeds 700 °C, Hf (NO3)4 shows
high oxygen diffusion, besides hysteresis, and crystallization. Moreover, the channel
mobility of Hf (NO3)4 is inferior to the Si/SiO; interface [151].

2.3.3.4 Zirconium Oxide (ZrQO;)

Zirconium oxide (ZrO;) has attracted much attention as a high-K material because
of its high temperature stability and high mechanical strength [152]. Thin films of
ZrO; can be prepared by many methods like sol-gel, spin coating, ALD, reactive
sputtering, MOCVD, E-beam evaporation, pulse laser ablation, and rapid thermal
CVD [153-155].

Unfortunately, oxides of hatnium (HfO;) and zirconium (ZrO») tend to crystal-
lize much more rapidly than SiO;, which makes the interface surface rough. So the
key issue will be to form amorphous oxides of the metal initially, which might trans-
form into the crystalline state during thermal cycling. One current avenue of inves-
tigation is to incorporate silicon (Si), Al, or N; into the random network structure
[115]. Indeed, adopting the above theory, zircon (ZrSiO4), a compound of ZrO; and
Si03, has shown better interface behavior with silicon (due to its dangling bonds)
and has provided more symmetric band alignment with much higher conduction
band offsets compared to ZrO; (2.10 eV compared to 0.64—1.2 eV of ZrO,).

2.3.3.5 Lanthanum Aluminate (LaAlQO3)

Aluminate of lanthanum (La) is a promising material for a gate oxide. The localized
d state in La oxide, as well as the energy relative to the silicon (Si) conduction
band, play important roles in determining the magnitude of the direct tunneling
current [156—157]. Molecular beam deposited 10 A film shows a K value ~24 with
an optical band gap of 5.6 eV. The band offsets between LaAlO3 and Si is 2.1 eV
for electrons and 1.9 eV for holes [158].

2.3.3.6 Titanate Compounds of Barium (BaTiO3), Barium Strontium
(BaSrTiO3), and Lead (PbTiO3)

The K values of BaTiO3, BaSrTiO3, and PbTiO3 are 1000, 1500 and 200-400,
respectively [159]. Ferroelectric materials are ceramics and have nonlinear dielectric
properties that show hysteresis under the action of an alternating voltage. Another
interesting phenomenon observed with these dielectric materials is regions of spon-
taneous polarization, which is not caused by any external electric field. As a result,
displacement of the titanium and oxygen layers results on a slightly distorted shape
of the cell, and a special type of phase transition takes place when the tempera-
ture passes through the Curie point [149]. It is expected that these ceramics can be
potential candidates for high-K materials, provided the conduction band offsets are
comparable to alumina (Al,O3) (Table 2.3).

These titanate compounds can be deposited by direct and flash evaporation and
CVD methods (by reacting metal lead (Pb) with ethyl titanate, Ti (C2H50)4).
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Reactive sputtering from a lead titanium cathode in an argon—oxygen atmosphere
can also be applied to fabricate thin films of titanium compounds.

The search for high-K materials to replace SiO; is still an ongoing process. There
are several primary concerns about these high-K materials such as:

(a) Threshold voltage pinning: Gate stacks fabricated by polysilicon, HfO, and
ZrO, show relatively high threshold voltage levels due to defects at the gate
electrode/gate electrode interface. This reduces drive current and impairs device
performance.

(b) Phonon scattering: Higher K dielectric materials show polarization effect and
higher optical phonon vibration, that affect electron mobility and the perfor-
mance of the device.

2.3.4 Deposition Technology for High-K Materials

Oxides of metals that are potential candidates for gate dielectrics can be deposited
by reactive sputtering by introducing the second element (oxygen) in gaseous form.
In order to increase the deposition rate, the second element can be introduced along
with argon gas. However, other methods, such as atomic layer deposition (ALD)
[160-163] and chemical vapor deposition (CVD) [164], can be applied to deposit the
high-K materials with proper precursors. Physical vapor deposition (ionized physi-
cal vapor deposition (IPVD), a special type of sputtering system, for example) [165]
and electron beam (EB) deposition methods [166] can also be used to deposit high-K
gate materials. Details of the deposition methods have been presented in a separate
chapter.

2.3.5 Summary

Scaling of device dimensions has historically made advances in silicon ULSI tech-
nology. As a result of this scaling, both the vertical and horizontal dimensions have
been reduced to a point where silicon dioxide as a dielectric material cannot satisfy
the requirements. The many benefits driving manufacturers to use low-K dielectric
materials include increased device speed, reduced power, required heat dissipation,
and reduced interline talk. However, the transition to low K has been delayed pri-
marily because of challenges in their integration, including etching and stripping
problems associated with the carbon content materials. At the same time, porous
low-K materials are susceptible to absorbing moisture during planarization (CMP).
The moisture inside the pores may react with fluorinated dielectric materials and can
produce hydrofluoric acid, which is very corrosive. The moisture may also cause
ionization of copper and may drive the ionized Cu*/** to silicon. Thus to reduce RC
effects and to increase the speed of sub-100 nm devices the price is very high.
Low-K materials in general exhibit weak polarization when subjected to an exter-
nal electric field. There are several guidelines in formulating these materials; the
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most obvious one is the choice of a non-polar dielectric system. In these materi-
als polarity is weak because of symmetrical polar chemical groups that cancel the
dipoles of chemical bonds between dissimilar atoms.

In the case of high-K materials, scaling the thickness of the gate dielectric has
long been recognized as one of the keys to scaling devices. It is expected that for
sub100 nm devices (CMOS) the gate oxide will be less than 2 nm. Thus it appears
that SiO, will be unsuitable as a gate insulator in the sub-100 nm device. The
vertical scaling requirements for gate stacks and for shallow extension junctions
require 1 nm equivalent oxide thickness (EOT) to deal with leakage current tun-
neling. Some metal oxides, like HfO,, ZrO; and their silicates, have been identi-
fied as promising materials that are supposed to work with 1 nm EOT. However,
integration of high-K materials will be a challenging task because of the chemi-
cal bonding (ionic) and are likely to exhibit both ionic conduction and high charge
levels.

The limited chemical and thermal stability are the two most important criteria
associated with alternative high-K dielectrics and alternative gate electrode materi-
als. In spite of the advantages of the polysilicon gate, the present process flow to
integrate the future advanced gate stack employing these high-K materials is still
questionable. Thus new integration schemes and device structures may be required
to form source/drain junctions of MOS and all high temperature processes are to be
done before the formation of the gate stack. At the same time, the chemical mechan-
ical polishing (CMP) process used to planarize the surface has several advantages
and challenges. The challenges include identifications of suitable materials for sacri-
ficial gate stack and spacers and development of the consumables. Although several
high-K materials and processes have been investigated, it still appears that the major
concern is the cost.
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Chapter 3
Diffusion and Barrier Layers

3.1 Diffusion

3.1.1 Introduction

Diffusion is a frequently used technique to incorporate impurities into a semicon-
ductor. Imperfection in a nearly perfect crystal is the prime theme of intentional
impurity diffusion in silicon crystals [1] for the formation of p-n junctions, conduc-
tion channels, and source drain regions. The performance of the devices depends
critically on the impurity concentration and the impurity profile. For this reason the
diffusion of various impurities in semiconductors has been studied extensively.

Figure 3.1 shows the p and n junctions inside a silicon (Si) transistor formed
by diffusion of impurities inside Si. The surface of the diffused layer is metallized
(granular structures) with aluminum (or Al-alloy) which is the conventional metal
to make ohmic contacts before the Cu-damascene process.

In the Cu-damascene process, copper (Cu), the primary metal in the sub-100 nm
silicon device, is considered a major insidious impurity that affects the minority
carrier life time and device yield. However, for a long time, the detrimental effect
of Cu on Si-device yield was uncertain. The extremely high diffusivity of copper
in silicon, its small ionic radius, and its relatively weak interaction with the silicon
lattice, make it highly mobile at room temperature and impacts on the stability of
Cu-complexes [2].

Figure 3.2 shows an in situ X-ray diffraction pattern recorded during heating
(200 °C) of a Cu-film deposited over silicon. As a matter of fact, the diffusion of
copper at elevated temperatures and its precipitation in silicon depend upon various
factors [2]. Thus there exists a need to study the diffusion mechanism of copper in
silicon, because in the Cu-damascene process interconnecting lines are formed from
electrodeposited copper film.

Figure 3.3 shows the Cu-interconnect damascene structure, which has replaced
the conventional aluminum interconnect in modern sub-100 nm node technology.

As the state of 250 nm back-end processes changed to 130 nm, the propagation
delays, signal dispersion, and/or cross-talk noise associated with Al/SiO system
limited the chip performance. Reduction of propagation delay due to RC effects
of the interconnecting lines can minimize the capacitive cross-talk noise. Thus
the obvious choice will be to replace the Al-interconnect with a better conductive

Tapan K. Gupta, Copper Interconnect Technology, 111
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Fig. 3.1 Scanning electron microphotograph of diffused p and n junctions in silicon. E stands for
emitter and B for base of a bipolar transistor (Photo courtesy Integrated Circuits Engineering, AZ)

Fig. 3.2 In situ X-ray Si/200nmCu

diffraction patterns recorded et e counts
during heating (4 K/min) of a
Cu-layer deposited onto
silicon (Photo courtesy M.
Hecker et al., Highlights,
2001, TU Dresden, Germany)

a &
20 [deq]

material and SiO, with a lower dielectric material. As a result, to reduce resistance
(R) of the metal interconnect Cu has been evaluated as a better material than Al due
to its higher electrical conductivity (Table 3.1). Not only this, to reduce the RC effect
further, SiO; has been replaced by low-K dielectric material, and is in production
level now.

Table 3.1 shows that the electrical conductivity of copper (Cu) is higher than that
of Al and the electromigration property of Cu, which is related to the density of the
metallic atoms, diffusion coefficient D, the effective valence Z*, and the electrical
resistivity p is lower than Al. Unfortunately copper (Cu) has high diffusivity in



3.1 Diffusion 113

Subtractive Aluminum  Copper Dual Damascene Cross-Section
Cross-section

VECTOR®/

SEOUEL EXPRESS®
“Low k

=Barriet

SEQUEL/VECTOR

=Passivation ~Passivation
- 13
AI:ITDugap and Liner -‘3’.":"-‘.;-'.’5&"
=Tungsten Contact Fccafm‘
and Via Fill W
SPEED opper Bamerseed
=MD (_‘,;.p Fill = =TUTIN Lines Bandor
=STI = aﬁl‘u"l\;gmu‘g&:
- and clean
*5T1. poly and contaet clean
1995-1996 Altos
0.35pm =Tungsten Contact Fill
3 Al Layers SPEED*
- -PHD
=57
20052007
&5nm
11 Cu Layers

Fig. 3.3 Subtractive aluminum metallization and a modern dual damascene architecture where
copper is used for metallization (Photo courtesy Novellus systems Inc.)

Table 3.1 Comparison of the bulk properties of prospective metals for forming interconnecting
lines™

Metal -Z* p (WQ-cm)  Diffusion coefficient Dg (cm?/s)  Z*pD at 100 °C
Silver 9.3-233 157 1.1 x 10726 2.8-7.0 x 10°%
Aluminum  6.6-16.6  2.60 2.1 x 10720 3.6-9.1 x 10719
Gold 5.7-15 2.36 22 x 1077 3.0-3.8 x 10726
Copper 3.5-4.4 1.55 2.1 x 10730 1.2-1.4 x 107%°

*Adopted from different sources

silicon, and appears to have acceptor levels in Si at 0.24, 0.37 and 0.52 eV with
respect to the valence edge, and forms copper silicide (Cu3Si) at 200 °C (Fig. 3.2).
When annealed at 1100 °C and air-cooled, large diameter Si-wafers show colonies
of high-density copper precipitates [14].

3.1.2 Transitional Effects

The transition from aluminum (Al) interconnects to copper (Cu) interconnects
requires several new and additional device processing. Not only that, the conven-
tional back end process, which has been used in Al-metallization, including dry
etching and reflow processes, has turned out to be inapplicable to copper Cu-
metallization mainly for two reasons: (a) dry etching of Cu is difficult; and (b) higher
reflow temperature. As a result, a new engineering process known as damascene
has emerged into the arena to surmount the difficulties of dry etching of copper
(Cu). Figure 3.4 shows the multilayer metallization scheme for filling via holes and
trenches in the Cu-damascene process to surmount the difficulties of dry etching.

It is worth mentioning that Cu does not form a passivated stable oxide like Al
[3] and the interface or the grain boundary (GB) triple-points become the active
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Fig. 3.4 Multilayer metallization architecture built by the copper damascene process (Courtesy
ITRS, 1999)

flux divergence path in local Cu-interconnecting lines [4-5]. On the other hand,
a very clean surface of a Cu-polycrystalline film shows very low activation energy
(~0.47 eV), and favors interface diffusion in global interconnecting wires especially
when GBs are not available [6-9]. As a matter of fact, GBs can be the fastest path-
way for Cu-diffusion (because of a poor correlation of activation energy with grain
size to film thickness), which does not support interfacial diffusion [10-13].

3.1.3 Mathematical Modeling of Diffusion in Cu-Interconnects

It is well established that applied bias and temperature enhance the diffusion of
copper (Cu) from Cu-interconnecting lines sandwiched between the cap layer and
the barrier layer (Ta/TaN) (Fig. 3.5).
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Fig. 3.5 The Cu-layer
sandwiched between the cap
layer and barrier layer
(Reprinted with permission,
Wiley-VCH, Cryst. Res.
Technol. 40 (1/2,) 135 2005)

At room temperature, the grain growth of the electroplated copper (EP-Cu)
deposited over tantalum (Ta) or tantalum nitride (TaN/Ta; N) (barrier layer) is mostly
along the <111> direction and has been detected both by atomic force microscopy
(AFM) and focused ion beam (FIB). On the other hand, deposited Ta has a f-phase
with either <001> or no preferred orientation depending on the process engineering
[14], and it requires 1.4 eV energy for diffusion [15]. On the other hand, the reported
enthalpies of Cu-diffusion in various barrier materials can vary from 1.3 to 4.5 eV
[16-17].

The grain growth in nanostructured Cu-lines fabricated from EP-Cu film drasti-
cally affect the microstructure and the plasticity of the film [18—19] as the temper-
ature and bias cause long-range internal stress. These are identified as diffusional
creeps where diffusion occurs on the film surface and in the grain boundary (GB)
(Fig. 3.6) [20-21].

e=0

Fig. 3.6 Mesoscale
simulation of grain boundary
diffusional creep during grain
growth in Cu-interconnects
(Reprinted with permission,
Dr. D. Wolf et al., Argonne
National Lab)
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Fig. 3.7 Evolution of stress during and after deposition of copper films for different thickness: (a)
19 nm and (¢) 101 nm (Reprinted with permission of Wiley-VCH Verlag)

Experimental observations show that the stress in thin films can exceed those
corresponding to bulk materials and increases with decreasing film thickness. As a
result, the physical properties of a film are very much influenced by the developed
stress. Figure 3.7 shows the evolution of stress during and after deposition of copper
films having 19 nm and 101 nm thickness.

To accommodate Cu-interconnects in place of aluminum (Al)/tungsten (W) sys-
tems, different exotic materials have been introduced. This has brought new failure
modes and a shift in focus of interconnect reliability. For example, the drift of Cu
ions in a dielectric under the influence of a high local electric field may cause time-
dependent inter- and intra-level dielectric breakdown (TDDB). In order to testify the
validity of the above statement, Cu-lines are tested under both thermal and electric
field stress (BTS) conditions. From experimental observations, it has been accepted
that diffused copper exists in an ionic state (Cu*/**) [22] in dielectric layers and
the electric field distribution inside the dielectric will be modified with the Cu-
concentration in it. For simulating the evolution of Cu-concentration in the dielectric
layer, we have assumed that (a) Cu exists in the dielectric layer as a positive single
ion (Cu*, based on thermodynamic solid solubility of various copper species), and
(b) Cu diffuses only normal to the surface, because diffusion is enhanced in parallel
to the direction of the electric field. Therefore we can model the flux equation of
Cu-diffusion as [23-24]:

J = —D cosh (qAE/2kT)(3C/3x) + (2D/) sinh (gAE/2kT)C ~ (3.1)

where

D = Diffusivity of Cu in dielectric

A = Jump distance of Cu (~2.7 A)

E = Electric field

K = Boltzmann constant

T = Temperature in absolute

q = Electronic charge

(0C/9x) = concentration gradient with respect to distance (x).
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Now when E << (2kT/)) the above equation transforms to:
J =—D(C/0x) + (DgE/kT)C. 3.2)

Equation (3.1) is combined with Fick’s second law (-dJ/dx) and the diffusion
equation is divided into two parts: (i) constant electric field mode; and (ii) variable
electric field mode. The diffusion equation under constant electric field mode can
be expressed as:

(0C/0t) = Dcosh {(gAE/2kT)} {(82C/8x2)} — 2(D/M)){sinh (qQAE/2KkT) (aC/9dx)}

(Under constant electric field). 3.3)

The diffused Cu?t ion will remain in the dielectric in the ionized state, and
with time the charge will change the electric potential profile (¢ (x)) inside the
dielectric layer. The change in the ¢ (x) inside the dielectric can be expressed
mathematically as:

(9% (x)/8x%) = —(IEx)/9x) — gC(x)/e,e0 (3.4)

where ¢ and ¢ are the relative permittivity (of the dielectric), and the permittivity
of the free space, respectively. We can set up the boundary conditions as: ¢ (0) =
Vand ¢ (L) = 0 where V is the electric potential at the interface between Cu and
dielectric, and L is the thickness of the dielectric layer. In our present case, as the
electric field is a function of x, the diffusion equation under variable field can be
expressed as:

(3C/d1) = D[ cosh {(gLE/2kT)} {(92C/3x2)} + {(gAE/2KT) (DE/dx)
—(2/2)} {sinh (gAE/2kT) (3C/3x)} (3.5)

—(2/A){cosh (gAE/2kT)} {(gLE/2kT) (0E/9x)C}]
(Under variable electric field).

By solving Equations (3.3) and (3.5) with boundary conditions as: C (0,f) = Co,
C(L,t) =0, C (x, 0 = 0, where Cp is the maximum solubility of Cu in a par-
ticular dielectric, the evolution of copper concentration inside the dielectric can be
simulated.

The experimental evidence shows that the diffusivity of Cu in Ta is very small
at 300 °C [25] and the simulated results confirm that diffusion of Cu in SiO; is
very small at 200 °C. However, when the electric field is changed from 2.0 MV/cm
to 0.1 MV/cm, there is an appreciable change in copper concentration inside SiO;
[24]. As a matter of fact, at high electric field the drift of copper is appreciable and
it accounts for device failure [26-27]. However, experimental results confirm that
during high temperature annealing, (>500 °C) crystallization of the barrier layer
favors GB diffusion [28]. Figure 3.8 shows an SEM of (a) as-deposited copper (Cu)
on tantalum (Ta) and (b) crystallization of tantalum due to annealing at 400 °C.



118 3 Diffusion and Barrier Layers

Fig. 3.8 SEM of (a) as-deposited copper (Cu) on tantalum (Ta) and (b) crystallization of tantalum
after 400 °C annealing (Photo courtesy Professor S.S. Wong, Stanford University, CA)

3.1.4 Grain Boundary (GB) Diffusion

Qui, alors, peut calculer le cours d’ une molécule? (Who then can calculate the
course of a molecule?) [28]

The tensile stress in Cu-interconnects can vary from 230 MPa for a passivated
line to 112 MPA for an unpassivated line and can produce a tensile strain (~10~
eV) along the <111> direction [29-30]. The resulting strain depends on the direction
of the applied stress. As a computational problem, diffusion near GBs in copper has
been examined in the context of molecular dynamics [31] and has been found to be
sufficient to cause GB diffusion [32-33].

The most frequently encountered defect in evaporated film is dislocation [34-37],
which causes a misorientation between adjacent grains and ultimately increases the
diffusion along grain boundary [38]. Figure 3.9 shows that when a tantalum (Ta)

© 200ATa  250ATa

Fig. 3.9 SEM picture of vapor deposited (PVD) tantalum films (Photo courtesy Novellus System)
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(b)

Fig. 3.10 (a) The formation of voids and (b) formation of seams (Photo courtesy Novellus system)

film deposited over copper is 200 A thick it shows voids due to dislocation and
misorientation between adjacent grains. However, complete fill is observed when
the Ta-film is 250 A thick. Thus scaling of the Ta diffusion barrier is susceptible to
forming voids that might be a diffusive path for Cu*** jons.

Indeed, the candidates for fast diffusion paths in a damascene structure are
(a) the grain boundaries (GBs) along the length of the interconnect line, (b) the
Cu/barrier layer interface, (c) the Cu/over layer interface, and (d) gross voids or
seams (Fig. 3.10) that may run down the length of the interconnect and form during
the electroplating process [39]. As a matter of fact, the energies required for defect
formation and migration of atoms in grain boundary (GB) are smaller than the ener-
gies required for defect formation and migration in the bulk lattice. As a result, GBs
provide an easy path for mass transport in materials especially in polycrystalline
thin films.

GB diffusion controls the kinetics of structural changes, phase transformations,
and solid state reactions in engineering materials. It has been observed that diffusion
in polycrystalline materials is six or more orders of magnitude higher than the dif-
fusion in monocrystalline materials [40—41]. The diffusion model of Harrison deals
with three types of regimes: A, B, and C (Fig. 3.11). In type A, lattice diffusion is
the distinguishing feature with apparent diffusivity and lower activation energies.
In type B, GBs are assumed to be isolated and the lattice fields and GBs are con-
fined individually to themselves. In type C, atom migration is thought to occur only
within the boundaries and lattice diffusion is considered to be negligible [42].

The study of the Harrison diffusion model shows that the diffusion of copper
(Cu) will conform more closely to type C [43—44].

Ideally an amorphous dielectric layer has no grain boundary and should be
ideal as a diffusion barrier for Cu. But when an amorphous layer of tantalum (Ta)
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Fig. 3.11 Three types of grain boundary diffusion kinetics: (A, B), and (C). Curved lines are
isoconcentration contours. The diffusion source coincides with the top horizontal lines (Reprinted
with permission Noyes Pub. New York [40])

is present in front of a polycrystalline Cu-seed layer, the amorphous layer will
not impose strict limitations on both spatial positions and the Burgers vectors of
the grain boundary dislocations [45—46]. As a result, the spatially inhomogeneous
growth of the amorphous phases forces the crystalline amorphous interface to be
curved, which will increase its contribution to the total energy density and to the
anomalous diffusion of Cu through the boundary of the amorphous-polycrystalline
interface [47-49].

Another interesting thing, which has been observed in polycrystalline films, is
the movement of the grain boundary due to diffusion, which is known as induced
grain boundary motion (DIGM) [50-51]. In the DIGM model the interface moves
due to disintegration of grains and the chemical composition of the moving interface
and the bulk left behind will be different [51].

3.1.5 Vacancy Diffusion

The vacancy mediated diffusion of embedded atoms as proposed by Gastel et al.,
can be attributed to tantalum atoms forming a barrier layer formed for the Cu-
interconnecting lines [52-54]. Indeed Ta/Si stacks when annealed at 550 °C show
diffusion of Ta to the Cu-surface [55-56]. However, Ta diffusion due to the vacan-
cies in Cu is seen to decrease when the Cu layer is provided with a silicon nitride
(Si3Ny) cap.
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Fig. 3.12 (a) Vacancy diffusion in copper due to the migration of Cu atoms and (b) experimental
verification of surface vacancies on low-index surface (Cu) by hopping of indium atoms (Photo
courtesy R. van Gastel et al., Elsevier Pub.)

Figure 3.12 (a) shows a damascene structure with SiCN as low-K (~4.9) material
and the deposited copper film serving as interconnect over the Ta/TaN bi-layer bar-
rier. The figure further shows that due to atomic rearrangements on the low-index
Cu-surface, adatoms from the surface have moved and created vacancies. These
vacancies are identified as vacancy diffusion. Figure 3.12 (b) shows experimental
verification of the hopping of indium (In) atoms into the vacancies created by Cu
atoms due to its low index surface. This model can be clearly fitted into our system,
where the barrier/cap layer is adjacent to the Cu-interconnect.

3.1.6 Drift Diffusion

The drift diffusion model can be set up in the spirit of the chemical oxidation of
Cu via ambient gases like moisture and/or O [57] from porous low-K dielectric
materials or from SiO based dielectric films. Experimental evidence shows that after
thermal cycling (annealing) at high temperatures (>500 °C), the oxygen species
from the dielectric layer may diffuse through the grain boundary of Ta [58]. It further
shows that under bias the Cu*** diffuses into the neighboring layers (into the cap
layer and/or underneath the Ta layer) [59-60]. As a matter of fact, the drift diffusion
rate of Cu*/** is seen to increase as the percentage of hydrogen content in the a-
SiC:H is increased.

We can set up a physical model of the drift of Cu™ ions into the dielectric layer
in order to explain the drift diffusion under time-dependent dielectric breakdown
(TDDB) conditions. Let us consider two adjacent lattices, 1 and 2, a distance A
apart, where the concentration of Cu* in plane 1 is higher than that at plane 2. Then
we can set up a flux equation for Cu* as:

—
E
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J(x,0) = [0C(x,1)/3x20T 4 + Cx + A,0(T4 + ')A (3.6)

where the number of atoms jumping out of plane 1 to 2 in a short period of time d¢
is C(x,r) '+ N 3 t. Similarly, the number of atoms jumping from plane 2 to plane 1 in
time 87 is C(x+ \,f) I'_ '\ 8¢. Now under TDDB conditions we will take it for granted
that the electric field is very large and the influence of the diffusion flux is negligible
(i.e. the first term of Equation 3.6). Therefore Equation (3.6) will transform into:

JOot) = Jarige(x,1) = Clx + 4,004 + )2 (3.7
The continuity equation is simplified to:

{(0C 1))/ (00)} = {Alexp (—(Ea —gAE/KT) —exp (= Ea+qAE/KT)A]}(3C(x,1)/0x)

(3.8)
where Iy = A exp. — (E, + gAE/kT) is the the probability of a Cu* ion being available
at position 1, and I'_ = — (E, —gAE/kT) is the the probability of a Cu* ion being

available at position 2. The diffusion activation energy of Cu* is E,. Now the TDDB
(tgp) of the Cu® ion can be obtained by solving Equation (3.8) as:

8D = {(Bexp Ea/KT)/(exp (ghE/KT) — exp (— gAE/KT)). (3.9)

A model based on the one-dimensional solution of the drift-diffusion equation
and aided by Poisson’s equation with activation energy (1.8 eV), and electric field
(ranges from 1.0 x 103 to 1.0 x 10 V/cm), gives rise to a diffusion depth of Cu*
~5.6 x 1077 cm [57, 61]. However, the mathematical model of J.Y. Kwon et al.,
gives rise to a diffusion depth of Cu between 500 and 600 nm [23].

3.1.7 Interdiffusion

Interdiffusion of Cu into the cap layer creates voids in Cu-interconnecting lines in
the micrometer range [62]. The interdiffusion is the result of thermal stress at high
temperatures (>550 °C) and has been detected by glow discharge optical emission
spectroscopy (GD-OES) and Auger electron spectroscopy (AES). The interdiffusion
of Cu inside the cap layer (Si3N4) increases with increase of temperature and the
distribution of Cu is noticed both along the vertical and lateral directions [63—64].
The diffusion of copper into the cap layer changes its electrical, thermal and
mechanical properties [65-70]. We will discuss all of these in the course of our
studies of the conductivity, electromigration and reliability of Cu-interconnects.

3.1.8 Diffusion of Copper and Its Consequences

Figure 3.13 shows the binary phase diagram of silicon. The copper in atomic per-
cent (at. %) is plotted along the X-axis. The Y-axis represents the corresponding
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Fig. 3.13 The copper-silicon (Cu-Si) phase diagram (Reproduced with permission from McGraw
Hill, New York)

temperature of the system. The liquidus consists of four branches corresponding to
the crystallization of a, k, B, 8, v, €, n, 0 and silicon (Si) [71]. As the atomic percent
of silicon (Si) is increased in copper the solidus curve changes from the o phase of
copper to the B phase and finally to the v phase. The 1/ phase (Cus Si) of copper,
which is shown in Fig. 3.14(a), has a slightly distorted y-brass (trigonally distorted
A, type) structure [72-73] and is isostructural with the high temperature Cu 3Ge
phase [74].
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(a) ()

Fig. 3.14 Scanning electron micrograph of diffusion of copper inside silicon (Si):
(a) the formation of CuzSi complex and (b) the swollen precipitates of copper in Si (Reproduced
with permission, Elsevier Science, New York)

3.1.9 Precipitation

The use of copper as an interconnecting material in ultra-large-scale integrated
(ULSI) circuits where Si is used as the substrate material has revived interest in
the diffusion of copper in silicon and in the precipitation kinetics of copper in sil-
icon (Fig. 3.14) [75]. The precipitation of copper as a pallet-like structure is pos-
sible in n- or in p-type silicon if the concentration of shallow dopants and copper
donors becomes high (> 10'7 atoms/cm?) [76]. Experimental observations show
that these precipitates are unstable and form point defect centers that dissociate
(dissociation energy is ~0.7 eV) within milliseconds [77-79]. These precipitates
are distributed homogeneously through the bulk Si-wafer instead of colonies and the
density can go up to 10'3 atoms /cm>. Energy dispersive spectrometry (EDS) reveals
these swollen precipitates (Fig. 3.9b) as Cu 3 Si. Copper diffusion in silicon (Si)
can lead to two types of failures: (i) deterioration of the dielectric layer leading to
shorts or leaky paths between the conductors and the dielectric layer; and (ii) higher
leakage currents in p-n junction devices due to the formation of deep level traps
[80-82, 16].

Under moderate temperature and bias, ionic copper (Cu***) diffuses very fast
in silicon and in many dielectric materials (including SiO;). Indeed, experimental
observations have shown copper contamination during Cu-seed deposition, bulk fill
of Cu by electroplating, chemical mechanical polishing (CMP), and cleaning pro-
cesses. The diffusion of Cu*** in the dielectric layer can degrade the properties of
the dielectric [83-87].

Interstitial diffusion, a favorable diffusion mechanism of Cu in Si, can proceed
via one of two mechanisms, namely, the direct interstitial or interstitialcy mecha-
nism. At higher temperatures the movement rate of the atom is higher and direct
interstitial jumps are not in favor of grain boundary (GB) diffusion. As a matter of
fact, diffusion along {210} is dominated by the vacancy mechanism and diffusion
along {310} is dominated by the interstitialcy mechanism [75, 88].

It has been estimated that copper diffuses along grain boundaries (GBs) more
easily than through the the crystal lattice of silicon, since the energies required
for defect formation and migration in GBs tend to be lower in polycrystalline film
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compared to the bulk lattice of a single crystal [§89-90]. However, providing a bar-
rier layer can restrict the diffusion of Cu; at high temperature, annealing the barrier
layer may form crystallites that may result some diffusive paths for Cu*** ions
(Fig. 3.17). Figure 3.15 shows a transmission electron microphotograph (TEM) of
an annealed TaN barrier layer with small grains and grain boundaries.

Fig. 3.15 (a) A dark field
plane view TEM image of the
TaN barrier layer with small
grains and grain boundaries;
and (b) electron diffraction
pattern of a selected area
(Reprinted with permission
from Elsevier, New York,
[1601)

3.2 Barrier Layer for Cu-Interconnects

3.2.1 Theory

When a copper ion (Cu*/**) migrates either to the cap layer or to the substrate it
will change the intrinsic material properties of the layer (electrical, thermal, and
mechanical properties).

Figure 3.16 shows a stack of films deposited following the damascene process
where the barrier layer is sandwiched between a dielectric layer and a copper inter-
connect. The reliability of the barrier layer will depend upon the followings:

(a) the transport and loss rate of atoms from the respective layer;
(b) the thermodynamical stability of the layer;

(c) the adhesion of the layer to the substrate;

(d) the specific contact resistance of the layer;

(e) deposition of a void free conformal layer;

(f) mechanical and thermal stress resistance ability of the layer;
(g) the thermal and electrical conductivity of the layer.

Fig. 3.16 A stack of films deposited following the damascene process. A is copper, B is the barrier
layer, C is the dielectric, and D is silicon

oawy>
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Regardless of the barrier layer material and the deposition method, control of bar-
rier layer processing is the key to achieving high yield. For example, if the deposited
layer becomes non-conformal, it will show a lack of adhesion and mass migration
leading to void formation and Joule heating.

3.2.2 Ideal Barrier Layer

A single-crystal barrier layer is impractical, because of the presence of diffusion
paths through the grain boundaries, the lattice and defect centers. So, an amorphous
barrier layer will be ideal as a diffusion barrier. The self-diffusion or the transport
property of the species in a solid is linked to viscosity, creep applied stress, elec-
trical resistivity, internal friction, and the rate of crystallization. These parameters
are again dependent upon the barrier film thickness, the process engineering and the
processing temperatures. It has been observed that some of the amorphous barrier
layers can retain their barrier efficiencies at higher temperatures even after crystal-
lization had begun because the crystallites in the amorphous materials are discrete
and separated by stretches of amorphous material. As a general rule, the higher the
crystallization temperature [91-93], slower is the diffusion rate in the layer at a given
temperature [91-93]. As a matter of fact, inter-diffusion of the overlay and the sub-
strate material of the barrier layer show undesired phase transformation rather than
simple crystallization.

Figure 3.17 shows the effect of thermal cycling (annealing) on the morphology
of the barrier film [94]. The stability of a particular barrier layer is dependent on the
annealing temperature and the deposition process [95, 16].

Fig. 3.17 TEM dark field image and diffuse diffraction pattern of a deposited TaN film and sub-
sequent transformation to polycrystalline film (a) when it is annealed at 600 °C (Reprinted with
permission Electrochemical Society, NJ, G.S. Chen and S.C. Haung)

3.2.3 Barrier Layer Architecture

In the Cu-damascene process, copper (Cu) interconnecting lines are created from the
deposited Cu-film on a thin barrier layer (a thin film of tantalum, titanium, tungsten,
or their stable compounds). The layer is sandwiched between copper interconnects
and a dielectric layer (SiO; or low-K) to stop diffusion of copper into the neighbor-
ing area/s (Fig. 3.18).
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Fig. 3.18 Schematic of the damascene architecture and the deposited barrier layer over the
dielectric

The diffusion of copper (Cu) from Cu-interconnecting lines into the dielectric
layer and ultimately to silicon (Si) will depend upon the presence of a cap layer, the
thickness of the barrier layer, the morphology of the barrier layer, the processing
temperature, bias, and interfacial layer formation. The study of the phase diagrams
will be helpful in understanding whether there will be any interlayer reactions and
the formation of any interfacial layer between the two adjacent layers [96].

The thickness of the barrier layer should be kept as thin as possible (a nanometer
thick) to leave as much cross-sectional area as possible for Cu. At the same time
it should minimize the impact on the effective resistance of the Cu-interconnects.
Figure 3.19 shows (a) a schematic of the via to reduce effective resistance of the
Cu-lines in a multiple metal layer, and (b) resistivity versus different barrier layer
thicknesses. Figure 3.19(b) also presents the expected requirements of the Interna-
tional Technology Roadmap for Semiconductors (ITRS).
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Fig. 3.19 (a) Schematic of the via to make ohmic contact to Cu-interconnect of a multilayer
stack, and (b) specific resistivity versus barrier thickness and the ITRS requirements (Reprinted
with permissions, Infineon Technologies AG, Munich, Germany)
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3.2.4 Interlayer Reactions

Both thermodynamics and kinetics must be considered when investigating possible
reactions between two elements or compounds. Equilibrium thermodynamic calcu-
lations provide a tool to predict whether a reaction is feasible or not under suitable
conditions. For example, water (or moisture) can be used in conjunction with ele-
vated temperatures to allow the barrier layer to react with fluorine (F) from a fluo-
rinated low-K layer, to form fluoride/s of the barrier material and hydrofluoric acid
(HF) [97]. However, a kinetic barrier may prevent the reaction from taking place.

The sign of the Gibb’s free energy of reaction, AG;, determines whether a chem-
ical reaction is thermodynamically feasible at a temperature 7, and pressure P. For
example, if several possible reactions are thermodynamically feasible, the reaction
with the most negative AG; would be expected to dominate. For reactions occurring
in the solid phase at relatively low temperatures, the 7 and P dependence of AG;
may be ignored and AG; may be approximated as:

AG, = AHy — TAS; = AGy(products) — Gr(reactants) (3.10)

where AG; measures the Gibb’s free energy, AHy and ASt are the changes in the
enthalpy and entropy of a system, respectively, and T represents the temperature
of the system. The analysis neglects the kinetics of the reaction and assumes equi-
librium is attained, because equilibrium thermodynamic arguments have been very
successful in accurately predicting the reaction products for various kinds of inter-
facial behavior [98-99]. It is, therefore, not infallible in predicting which reaction
will dominate.

The Cu-damascene architecture with a barrier layer (Ta/TaN) in between cop-
per and dielectric (SiO2/low-K) can be visualized as three separate layers, such as
Cu-Ta, Ta-TaN and the TaN-dielectric. The formation of interfacial layers between
Cu-Ta and dielectric/TaN will ensure a strong bonding between the layers.

Bonding develops from physical or chemical interactions, interfacial frictional
stress, and thermal stress due to mismatch between the coefficient of thermal expan-
sion (CTE) of the intermediate (interface) layers and matrices. The formation of
a strong interface layer is desirable from the standpoint of adhesion between the
adjacent layers. The understanding and control of the underlying interfacial phe-
nomena governing the transmission of thermal, electrical, and mechanical proper-
ties across the whole composite become of paramount importance in designing the
barrier layer. A weak interface will lead to crack propagation following interface
layer formation (if it forms). As we know that intermetallic phases (e.g. between
Ta-TaN) are typically brittle and more susceptible to cracking [100].

Another important criterion of the interface layer is its ability to be wet by the
liquid metallic matrix which will affect the surface roughness and crystallographic
orientation of the layer thereby affecting the sheet resistance of the interface layer
[101-102]. At the same time a new alloyed zone (interfacial layer) of sufficient
width can form between Cu and the barrier layer or between the barrier layer and
the dielectric layer. The initial stage of interface development constitutes the dilute
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limit, which will be characterized by the density of the metal adatoms. The dilute
limit is very informative for a detailed understanding of the evolution of the chem-
istry of the interfacial layer. The structural aspects of the interface layer are strongly
dependent on the deposition temperature and subsequent annealing history. Inter-
faces are often metastable, and inter-diffusion is accelerated at increased tempera-
ture and bias conditions.

Thermodynamically, a comparison of the free enthalpy of formation at various
temperatures shows that many metals in the liquid state are reactive toward reinforc-
ing materials in particular oxides, carbides, and fluorides (e.g. tantalum, Ta). How-
ever, in some cases though some reactive products are thermodynamically favored,
some reactions are, however, not observed (e.g. Cu,Ta;_,) and practically the kinet-
ics of these reasons have to be considered in conjunction with thermodynamic data
in order to evaluate the real potential of reactions.

The consequences of such interfacial layer formation may lead to chemical
degradation of the interfacial layer associated with a decrease of the mechanical
properties, the formation of brittle reactive products, as well as the release of highly
reactive gases (e.g. the formation of unstable TaF, and release of fluorine gas). How-
ever, some experimental data show that a passive cap layer (SiCN) may sometimes
prevent these reactions. Figure 3.20 shows a seamless low-K SiCOH stack technol-
ogy. The MPS-SiCOH (K = 2.5) is the inter-metal dielectric, SiCN is the cap layer,
and porous SiCOH (p-SiCOH) is the interlayer dielectric.

Fig. 3.20 Seamless low-K SICN ———

SiCOH stacks with SiCN as "

cap in 45 nm node technology SiOCH

(IITC preview, Semicond. e

Int’l, April, 2007) MPS
ES-less —
p-SIOCH

3.2.4.1 Case I: Single Barrier Layer

(SiO2)-(TaN or Ta): Generally, thin films of TaN, Ta TaN, and Ta and other transition
metals and metal compounds are deposited by physical vapor deposition (PVD) for
the barrier layer, which tends to be a line of sight process. However, PVD-deposited
film coverage on the side walls, especially near the bottom of a high aspect ratio
trench or via hole, can be several times thinner than that on the surface due to grazing
phenomena [103-104]. One way to attend to conformal and continuous film inside
the trench is to deposit a denser film, which requires high kinetic energies (100 eV
for argon and 26 eV for copper), that may impinge the the sputtered atom deep
into the substrate [105]. However, most recently developed ionized physical vapor
deposition (IPVD) is expected to overcome these difficulties [106].
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Experimental observations suggest that the constraints of the PVD deposition and
the introduction of the low-K porous dielectric materials may necessitate a change
over to chemical vapor deposition (CVD). Unfortunately, though the existing CVD
methods provide conformal thin film, they have failed to deposit TaN because of
the formation of the high resistivity TazNs phase at relatively low temperatures.
However, a CVD deposited TaSiN barrier layer has shown almost 85% side wall
coverage and reasonably low resistivity. On the other hand, atomic layer deposited
(ALD) TaN provides superior step coverage and uniformity at low temperatures but
the deposition rate is very slow.

An ideal barrier layer should be thin, continuous, and conformal at the bottom
and on the side wall of a high aspect ratio trench or via hole, and should offer low
resistance. However, the formation of an interfacial layer (if it is formed) will change
the resistivity of the layers. The formation of interface can be best understood from
the phase diagram. Thus it is convenient to construct a ternary phase diagram on a
Gibbs triangle (Fig. 3.21) [107].

Fig. 3.21 Ternary phase
diagram of Ta-Si-O system

TaSi,

Figure 3.21 shows the tie lines of Ta-Si-O ternary phase diagram [74]. The free
energy of reaction between two possible crossing tie lines is considered. Along the
O-Si line the stable compound SiO; is shown. Likewise along the Ta-Si line the
possible compound is TaSi», which will form at a higher temperature (above 700
°C). The most stable compound of tantalum (at high annealing temperatures) with
oxygen is TaOs, and is shown along the Ta-O line. On the ternary phase diagram no
tie line between Ta and SiO; is shown, because when Ta comes into contact with
Si0O; it does not form any stable compound. As a matter of fact, tantalum (Ta) does
not have so much affinity to oxygen (O,) as titanium (Ti), to form oxides of the
metal, which can promote adhesion [108].

It is also interesting to study the effect of oxygen on such mixing or alloy for-
mation. According to the surface potential model, the process of breaking a metal
lattice and bonding to another metal lattice may be favored or disfavored according
to the degree of electronegativity of the metals [109]. Copper has higher electroneg-
ativity (Cu = 1.75) compared to tantalum (Ta = 1.33). So according to the theory,
the process of breaking the Cu atoms from Cu (interconnects) lattice, and their bond-
ing to the Ta lattice, will be reduced in the presence of oxygen whereas the release
of Ta atoms and bonding to Cu lattice will be favored [110-111].
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Cu-TaN : Tantalum nitride (Ta,N) is deposited in between the dielectric layer
and the copper. Figure 3.22 shows a high-resolution transmission electron micro-
graph (HRTEM) and the electron diffraction pattern (EDP) of an amorphous Ta,N
film. When annealed at 650 °C, the Rutherford back-scattering (RBS) spectrum
shows a broad peak, due to chemical reactions at the interface and the formation
of voids in the Cu-film. The energy of the Ta signal changes to the higher energy
side after annealing, which suggests out-diffusion of Ta into the Cu film (as we have
noticed with In, in Fig. 3.12b). Thus it will be more realistic to construct a ternary
phase diagram of the Cu-Ta-N system (shown in Fig. 3.23) to see the probable reac-
tions that may occur between the two layers.

Fig. 3.22 High resolution TEM picture and electron diffraction pattern of Tay 3N film (Reprinted
with permission [149])

Fig. 3.23 The phase diagram N
of TaN and Cu

TaN

Ta,N

Ta Cu

Figure 3.23 presents the ternary phase diagram of tantalum (Ta), copper (Cu), and
nitrogen (N3). The vertices of the triangle represent the pure state of the elements.
Solid tie lines are constructed on the basis of the formation of stable compounds.
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It is seen that Cu is in equilibrium with both TayN and TaN. Thus the reactions at the
interface of Cu/TaN do not have a driving force because the interface is already in
local thermodynamic equilibrium. But at high temperatures (above 500 °C) tantalum
nitride will crystallize to form hexagonal Ta;N [98]. When the sample is annealed
at 775 °C an amorphous layer of a noble refractory metal such as Cu,Taj_, will be
formed with x centering around 0.5 [112—113]. This indicates that at high tempera-
tures Ta can diffuse inside Cu and can form an alloy. However, according to some
observers the formation of Cu,Taj_, is not noticeable even when the processing
temperature is 1000 °C [114].

3.2.4.2 Case II: Double Layer Barrier Cu-Ta-TaN

TaN adheres very well to SiO; and most of the low-K dielectric materials, whereas
Ta adheres well to Cu. For this reason a bi-layer of Ta/TaN is deposited between Cu
and the dielectric layer. Moreover, the microstructure of the EP-Cu layer remains
unchanged even if the barrier layer changes from Ta to TaN. However, the presence
of <111> texture in the Cu-layer is observed more with a single-layer barrier than
with a bi-layer barrier. A bi-layer barrier also increases the twin fraction associ-
ated with weakening of the texture of the copper film. Twining in grains (which is
due to stacking faults) results in randomization of the texture and is a common phe-
nomenon in fcc metal-like copper [115]. According to some observers, the texture of
Cu-film is more dependent upon the thickness of the Cu-interconnecting line [116].

3.2.5 Influence of the Barrier Layer Properties on the Reliability
of Cu-Interconnects

Experimental evidence shows that a minimum thickness of 25 nm of the barrier
layer is required to deposit a continuous film of Cu [117]. Experimental evidence
also shows that the formation of an interface layer between Cu and the barrier layer
may change the overall volume of the adjacent layers and may induce stress, which
ultimately can produce voids/or buckling due to relief of biaxial stress (formation of
oxides of metals) [118].

3.2.5.1 Morphology of the Barrier Layer

In thin polycrystalline films surface roughness and surface morphology are two
important structural parameters that affect grain growth at room temperature in Cu-
interconnecting lines [119-121]. Both the grain structure and the surface roughness
are related to one another via triple lines [122], where grain boundaries (GBs) inter-
sect the surface. In turn, the surface roughness is known to influence the migration of
GBs [123-124], which may evolve into low angle with low mobility, and can affect
the grain growth [125]. On the other hand, annealing at higher temperatures makes
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GBs mobile and they quickly re-orient themselves in lower energy configurations
(cusps in the energy versus orientation of GBs).

Film roughness is a function of grain size, and the larger grain size in Cu-
interconnects shows lower resistivity [126]. The minimum feature dimensions of
width and height of the damascene trenches also limits average grain size [127].

An analytical model suggests that the rate of in-plane texturing is related in part
to the allowed angular range of incident adatom flux and a rough surface can alter
the amount of incoming adatom flux. As a result, the fexture of a PVD deposited Cu-
seed is seen to depend upon the surface roughness of the barrierlayer [128, 116]. On
the other hand, in electroplated Cu-interconnects a small weakness of <111> texture
is observed with increasing number of sublayers in the barrier film. However, the
thickness of the barrier does not have a major influence on the microstructure of the
Cu-film.

There are some conflicting reports about the textural growth of the Cu-film over
barrier layer. According to one group, texture <111> of copper film is found to
weaken with the deposition temperature of the barrier layer. Another group’s find-
ings are that the microstructure of Cu-interconnects is independent of the barrier
layer and is dependent on the Cu-line width.

The merits of an amorphous layer as an effective diffusion barrier are well estab-
lished (because of the linear, isotropic, and homogeneous layer with no extended
defects, such as grain boundaries, dislocations, lower diffusion of dopants or metals
in the case of metal gates). Amorphous films with short range order have been found
to possess various unique and attractive properties compared to crystalline films that
have voids and grain boundaries. Voids and grain boundaries present in crystalline
films act as defect centers and serve as diffusion paths. Thus a polycrystalline Ta bar-
rier can be a source of diffusion paths for Cu during thermal cycling or annealing
[129-130]. There are reports of deposition of amorphous layers of Ta73Si»7 by radio
frequency magnetron sputtering to avoid grain boundary diffusion [131]. However,
during annealing at high temperatures (>600 °C) this metastable amorphous struc-
ture transforms into a crystalline structure [132—-134].

3.2.5.2 Stress

Microstructure and texture are known to influence mass migration and stress voiding
performance of a thin film [135, 39]. The stress may be compressive and in extreme
cases it may buckle up on the substrate, as has been observed in sputtered Ta film
on xerogel (Fig. 3.25) [136]. Alternatively, the film may be under fensile stress (as
is observed for the films of copper (Cu), silver (Ag), and aluminum (Al)) under
normal deposition conditions and might cause cracking [137]. The stress condition
of the substrate affects the microstructure of the deposited film. It has been observed
that a film deposited on the wall of a high aspect ratio trench undergoes more stress
than when the film is deposited on a conformal blanket [138]. The predominant
mechanism of microstructure evolution is surface energy minimization for thin films
with high initial stress. Surface energy calculations from experimental data show
that usually <111> textured films have minimum surface energy.
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In certain cases stress may depend upon the way films are prepared, e.g. the
stress in electroplated Cu (EP-Cu) can change with the additives in the electrolyte.
Likewise, stress inside PVD films can show different stress conditions according to
the reactive pressure, gas used, and gas pressure. It has been observed that stress in
a Cu-seed layer is higher when it is deposited over a TaN barrier layer than when is
deposited over a Ta layer. However, the stress has been observed to be a minimum
when it is deposited over TaSiN [102].

Figure 3.24 shows the residual stress in as-deposited and annealed Cu-film on
a Ta barrier layer. It is interesting to see that the residual stress increased after
annealing.

Fig. 3.24 The residual stress
in as-deposited and annealed
Cu-film on Ta layer
(Reprinted with permission
Materials Research
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There is an another form of stress known as thermal stress, which is noticeable in
multilayer damascene architecture with layers having different coefficient of ther-
mal expansion (CTE). It is also true that thermal stress related adhesion failure in
thin films is not an uncommon phenomenon [139-140].

3.2.5.3 Adhesion

Adhesion of thin films has been of interest for many reasons. One of the main rea-
sons is that the durability of a deposited thin film is governed by the adherence of
the film to the substrate. The durability is particularly noticeable if the film or the
substrate is subject to corrosion due to a humid atmosphere [141].

Adhesion, stress and defects are on-going problems in thin films whose magni-
tudes vary with material, substrate, deposition technology, ambient and the envi-
ronmental conditions during deposition such as temperature, pressure and residual
gases inside the chamber. Nearly all thin films, no matter how they are deposited,
are subject to internal stress and the magnitude of the stress increases as the feature
size of the film decreases.

Adhesion of copper on the barrier layer should be high, otherwise void forma-
tion in Cu-film may result in delamination and discontinuity in the film. Titanium
and its compound adheres well with almost any substrate and acts as an adhesion
promoter (glue layer) [142]. But Ti and its compounds do not provide an effec-
tive barrier layer to Cu-interconnects, especially at moderate temperatures (above
500 °C) [143]. On the other hand, Ta and its compounds are better barrier materials
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compared to Ti and its compounds, but TaN does not adhere well to copper. This has
led to the deposition of a bi-layer barrier of Ta/Ta,N where the Ta layer promotes the
adhesion of Cu and the Ta,N layer retards fast diffusion of Cu at high temperatures
[144-145]. Most recently the adhesion property of copper (Cu) has been estimated
from experimental data on the lattice misfit concept. The data show that hcp elemen-
tal metals like ruthenium (Ru) and osmium (Os) have better matching interfaces
with fcc copper than with bee elemental metals like molybdenum (Mo), tantalum
(Ta) and tungsten (W) [145].

3.2.6 Low-K Dielectric-Barrier Layer

The porous low-K dielectric materials like xerogel, aerogel, or any porous silica
network (e.g. p-SiCOH) may contain moisture and can be a potential source of oxy-
gen and/or hydrogen. During sputtering, high energetic metal (present in the barrier
layer) atoms can diffuse inside the pores and the presence of large concentrations of
oxygen in the annealing environment can form oxides of the metal and can lead to
buckling or may introduce stress induced voids [136]. Sometimes porous dielectric
materials like polyarylene ethers (PAEs), or bisbenzocyclobutane, (BCB) are fluori-
nated to lower their K values. It is not unlikely that the free fluorine ions available
from the fluorinated dielectric will form fluorides of the metal (present in the barrier
layer) and the presence of any moisture can form hydrofluoric acid (HF) which is
very corrosive.

Inorganic polymers like hydrogenated silsesquioxane (HSQ) built on an O-Si-O
backbone can be a source of oxygen and free silicon atoms to form a very brittle
interface layer during thermal cycling. On the other hand, some porous ultra-low-K
materials (Si-C-O-H) are hydrophobic and after plasma etching form Si-OH, Si-O-
Si bonds through condensation reactions and dangling bonds. The available oxygen
from the chain can form metal oxides and ultimately can introduce stress in the
film. However, although thermodynamic formation of oxides and silicides of the
metals is possible, under certain conditions some metals do not form metal silicides
[145-146]. On the other hand, polymers like aromatic hydrocarbon can form trap
centers under bias conditions (due to Poole—Frenkel conduction), that can seriously
degrade their dielectric characteristics [147-148].

3.2.7 Reaction Rates

The integrity of a barrier layer can be preserved so long as no interface metal alloy
is formed during temperature cycling. An amorphous barrier layer can form a crys-
talline alloy, which can be a source of fast diffusion path [149]. Thus reaction
rates between the layers above and below the barrier layer should be either slow
or negligible. The utility of thermodynamic analysis will be demonstrated by exam-
ining which chemical reactions would be predicted to occur during the formation



136 3 Diffusion and Barrier Layers

of interfaces between the dielectric layer (SiO; or low-K material) and the barrier
layer (TaN/Ta)

First we will consider the deposition via homogeneous nucleation in the gas
phase of Ta on to a SiO, substrate. Thermodynamic analysis predicts that SiO»
in intimate contact with Ta is stable and no reaction will occur. However, for many
deposition techniques, the formation of TaO; proceeds via heterogeneous nucle-
ation in which Ta reacts with oxygen at the semiconductor surface (the accuracy of
AG; is not sufficient to predict this unequivocally). But SiO; will not react with Ta,
to form TayOs or TaO; because thermodynamically that is not feasible. However,
if free oxygen were available in SiO; to react with Ta and the SiO, substrate, the
most probable reaction products would be TaO, and Si. In other words, if oxygen
is available, the substrate will tend to oxidize Ta and stoichiometric SiO, will tend
to form. It is very unlikely that the dielectric substrate (SiO,) will be clean and free
from any oxygen upon the initiation of Ta deposition. As a result a SiO; surface will
tend to oxidize Ta to form Ta;O5 and ultimately to a stable TaO».

Table 3.2 is a summery of the thermodynamic predictions when Ta metal is
deposited upon either one of the dielectric substrates such as SiO;, Si3zNy (cap
layer), or low-K. When Ta is deposited on low-K dielectric material, various reac-
tions may occur depending on the constituents of the dielectric. Ta is predicted to
react with fluorine (F) atoms present in fluoro-silicon glass (FSG) regardless of
whether they are homogeneously or heterogeneously nucleated. On the contrary,
reactions are predicted to occur for the Si-glass compound only when deposition
occurs via heterogeneous nucleation at the surface.

In the presence of fluorinated low-K, deposited Ta species of the barrier layer
may form an interfacial TaFs layer and the presence of moisture inside the pores
of a porous low-K silica can ultimately form TaFs and HF. Similarly, if the low-K
material is chlorinated, it will form TaOCl3 and HCI (in the presence of moisture).
On the other hand, when a low-K material contains carbon (which is used to lower
the K value of the dielectric material) it can form thin tantalum carbide (TaC) at
the interface. Thermodynamic analysis indicates (Table 3.2) that TaC formation is
feasible for homogeneous nucleation since the formation of TaC is energetically
favorable for low-K porous dielectric materials [150]. This will be followed by the
formation of TaSip, which might lead to the dissociation of TaC, which will be
completely used in the reaction. Figure 3.25 shows the isothermal section of the
Si-Ta-C ternary phase diagram at 800 °C.

Tantalum (Ta) atoms emerging from the gas phase can react with oxygen (O3)
and can form tantalum oxide, TaO» or TayOs. Studies of X-ray diffraction (XRD)
spectra reveal that transitional sub-oxides like TagO, TasO, and Ta,O can be formed
in between [136]. Sometimes the possibility of formation of a complex ternary oxide
Si-Tap O, with a dielectric constant at least twice that of SiO, (~3.9) cannot be
ignored [151]. From the table of thermodynamic quantities, one can gather infor-
mation for the heats of formation (Hy) of each component in the reactions and can
infer that there is a much larger thermodynamic driving force favoring oxidation
over carbonation [152]. On the other hand, solubility of O, in Ta at 700 °C is 1.5 at%
whereas the solubility of N> in Ta is 1.8 at% at 500 °C. However, the extent of the
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Fig. 3.25 An isothermal
section of the calculated
ternary Si-Ta-C phase
diagram at 800 °C
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reaction of Ta with Ny is significantly lower than with O, at 450 °C [153]. Gallis
et al [145] have found that a Ta layer deposited over SiO, can form oxides and
silicides of tantalum. However, some kinetic limitations and surface impurities may
prevent the reaction between SiO; and Ta (Table 3.2) [146,154]. In order to avoid

Table 3.2 A summary of thermodynamic predictions for Ta deposited on a dielectric layer (SiO;

and Low-K)

Case I: Homogeneous nucleation

Deposition species Substrate

Ta (g) Si0;

Si3Ny (g) Si02

Ta (g) Low-K (FSG)

Ta (g) Xerogel type (porous
silica)

Ta (g) Carbonated low-K

Case II: Heterogeneous nucleation

Deposition species Substrate
Ta (g) Si0,
Ta (g) SiOy
Ta SiO;

Reaction Products

No reaction (assuming no free oxygen
available)

No reaction (assuming no free oxygen
available)

No reaction (no free F~ available)

No reaction (assuming no free oxygen
available)

No reaction (assuming no free carbon
available)

Reaction Products

TaO, + Si

3TaSiy +2Ta 05 +TaO;

No reaction (assuming no free oxygen
available)

Ta (g) Low-K (FSG), TaF
Fluorinated silica
glass, fluorine doped

SiOy
Ta (g) Xerogel type (porous TaOy
silica)
Ta (g) MSQ (carbon doped) TaC
Ta (g) Chlorinated SiO; TaOCls, TaOCls
Ta (g) HSQ (H; doped oxide) TaO,

Ta (g) SiCOH type low-K TaO,
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out-diffusion of Cu into the barrier layer during the crystallization process, the Cu-
layer is capped with SizN4. As a result Cu diffusion intensifies along the Si,Ny
layer forming voids within the Cu-film [155]. However, experimental evidence also
shows that the interface energy release rate between Cu/SizNy is less than Cu/TaN
[156-157].

3.2.7.1 Effect of Ambient

The interdiffusion or alloy formation between two thin films in contact with each
other is very much affected by ambient conditions. According to the surface poten-
tial model, the interface is reduced when over coating polycrystalline metal is more
electronegative and an increased work function is induced on the metal by the ambi-
ent (e.g. oxygen) [158-159]. Optical micrographs of the surface of Ta films sput-
tered on ~70% porous xerogel at argon (Ar) pressure of 5 mtorr, show evidence of
buckling due to the oxidation of tantalum [136]. The extent of buckling is increased
upon annealing (Fig. 3.26).

Fig. 3.26 An optical micrograph of the buckling of the Ta films on xerogel (Reprinted with per-
mission American Vacuum Society AIP, [136])

Another important interaction of the ambient (N>) has been observed when the
partial pressure of N changes from 0 to 30%, metallic Ta (bcc) changes to a mixture
of Ta(N) (bce), and hexagonal Ta; N, then sequentially to fcc and a mixture of TaN
with N-rich phases [160]. The formation of TapN from TaN will change the elec-
trical resistivity (Fig. 3.27) as well as the mechanical properties besides the texture,
which will ultimately affect the effective resistivity of the Cu-interconnecting lines
[161, 160].

3.2.7.2 Processing Temperature

The reaction rates are increased as the annealing temperature is increased. How-
ever, the initiation temperature for the reaction is different with different materi-
als. For example, the Cu/Ta/SiO; system shows Cu-diffusion between Ta and SiO;
after annealing at 800 °C. However, implanted (implantation of N> or Oy) Ta bar-
riers are seen to show better results at high temperatures [162—163]. Therefore, it
is expected that processing temperatures during deposition of a thin film should be
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Fig. 3.27 The change in electrical resistivity of TaN films with partial pressure of Ny during
deposition (Reprinted with permission, Springer-Verlag 2000 [65])

as low as possible. This is one of the reasons why low-temperature CVD and ALD
have become so much popular for the deposition of sub-micron films. However, the
choice of precursors in CVD and ALD processes are very critical, because some
of these precursors are seen to leave almost 2—10 at% of carbon during deposition
which can bring a behavioral change in the film.

3.2.8 Influence of the Barrier Layer on the Electrical Conductivity
of Cu-Lines

Figure 3.28 presents a schematic of an interconnecting line having resistance R.
The resistance R (inverse of conductance) of a conductive material can be written
mathematically as: R= p (L/A), where p is the resistivity of the material, L is the
length of the conductive material, and A is the area, which is equal to the width
times the thickness of the conductive material.

\

Fig. 3.28 The basic structure .
of the resistance
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In general, for the measurement of resistance of a metal line, the resistivity of a
bulk material is taken as reference. However, in the Cu-damascene process copper
lines are fabricated over a barrier metal or metal compound having different bulk
resistivity. As a result the Cu-line or the interconnecting line is confined within
the walls of the barrier layer. The electrical conductivity of the barrier layer is
important, because it will determine the equivalent resistivity of the Cu-lines. In our
present model, we are considering a high performance liner in the Cu-damascene
multilevel process consisting of a bi-layer (hcp/bcc-TaN followed by a bee-Ta (a-
Ta)) deposited sequentially, in a single PVD chamber. It has been observed that at
least a 2 nm TaN layer is required for the formation of a-Ta (15 pw€2-cm) which
is much more conductive than 3-Ta (150 w2-cm). However, the § phase columnar
structure of tantalum is more resistant to copper than the mixed o (bcc)-f phase
[164-165, 130].

Figure 29 shows (a) the confined Cu-line inside the barrier layer, (b) the top view
of the damascene trench structure, and (c) represents deposited Cu over the barrier
layer.

Fig. 3.29 (a) The confined |<_ L—PI
Cu-line inside the barrier
layer; (b) the top view of the ¢
damascene trench structure; 2—> «— H
and (¢) deposited Cu N v "—L
l B 4_|_Cu_’
Barrier
tzT
(@) (b) (©

The impact of the side wall of the barrier layer on very narrow (reduced grain
size) metal lines of copper changes the equivalent resistance (Req) of the central
copper wire over the barrier line. However, we can make an approximation of the
impact of these parameters as long as the average grain size for wide lines is greater
than about six times the barrier thickness over a flat surface. The approximation
can be made by modeling the adjacent layers of copper (Cu) and barrier as two
parallel resistances Rcy and Rp connected together. As the Cu-interconnecting lines
are scaled (the line width becomes <2 x the nominal Cu-grain size, and the thickness
of the barrier layer is >6x the grain size of nominal Cu-line) we can approximate
the equivalent resistance (Req) as:

(1/Req) = (1/Reu + 1/RB) = {(Weuleu/ (pcul)} + {(WaB)/(2p8 L)}.  (3.11)

Now, the Cu-line is embedded on the barrier layer and both are inside the trench
(shown in Fig. 3.27(a)). As a result, Equation (3.11) is transformed into: [166]:

1/Req = [p1.p2L] / {p2 {(W —212) (H —202)} +{p1 {(212) (H+ W —212)}], (3.12)
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where,

Req = Equivalent resistance of the Cu-interconnect

p1 = Resistivity of copper

p2 = Resistivity of the barrier metal /metal compound
L =The length of the trench

W = Width of the trench

to = Thickness of the barrier layer (1)

H = Height of the trench.

According to the ITRS road map, the thickness of the barrier layer should not take
more than 15% of the width of the Cu-interconnect. However, it has been argued
elsewhere that the minimum thickness of the barrier layer should be at least the
thickness necessary to close the substrate surface [167]. It is also likely that the
electrical resistance of the cap layer can change due to the phase transformation of
the substrate material [168—169]. Following Equation (3.12) the generic RC time
constant (time delay) of the Cu-interconnect when deposited over a barrier layer
having higher resistivity can be modeled as:

ReqCeq = 2Req (Cv + CL) = 2Rq [{(SOEr WL)/(H)} + {(eoer TL)/(X)}]
(3.13)
where,

Req = Equivalent resistance from Equation (3.12)
Cvy = Inter-layer capacitance

CL, = Intra-layer capacitance

€9 = The permittivity of free space

¢ = The relative permittivity of the dielectric

H = Height of the dielectric layer

T = The thickness of the Cu/barrier layer

W = width of the Cu/barrier layer

X = spacing between adjacent interconnects

P = Pitch of the line.

From Equation (3.13) we can see that the RC time constant is directly propor-
tional to the resistivity. Therefore a 40% reduction in time constant can be achieved
by using copper (Cu) rather than aluminum (Al). However, when the lines are scaled
the 40% the gain is very much in doubt.

3.2.9 Influence of Barrier Layer Thermal Conductivity on Cu-Line

The ITRS road map predicts that the number of transistors in high performance
microprocessors will exceed a billion in the year 2007. As a result, the number of



142 3 Diffusion and Barrier Layers

interconnects connecting these devices will also increase and the temperature rise
due to scaled devices will increase enormously. Due to this fact, the temperature
dependence of clock delay and clock skew have received considerable attention.
Signal delay is directly proportional to interconnect resistance and is affected by
the temperature dependence of the interconnect’s electrical resistivity. On the other
hand, typical low-K dielectric materials have up to an order of magnitude lower ther-
mal conductivity than conventional SiO;. At the same time, multistack interconnect
architecture is characterized by a wide range of length scale and significant mate-
rial inhomogeneity (Fig. 3.30). The current density (j) through the Cu-line and the
barrier Ta (Tantalum or its compound) can be written as:

Jou = [{A/Ac)}] [{(o1a/ATa)} / {(PCu/Ack) + (PTa/ATa)}] (3.14)

JTa = [{(I/Acu)}] [{(pCu/ACa)} /{(pcu/Acu) + (PTa/ATa)}] (3.15)

where p is the electrical resistivity, A is the cross-sectional area, and 7 is the total cur-
rent and the subscripts represent the corresponding metal layer. The heat dissipated
in the line of length L can be written as:

0 = L (j2cupcuAcu + j21aPTaATa) - (3.16)

In order to reduce the number of nodes, the metal line is assumed to be homo-
geneous material with its effective thermal conductivity derived from two parallel
resistances for copper line and barrier layer. This can be justified since the thermal
conductivity of metal is much higher than the surrounding dielectric and the thick-
ness of Ta is much smaller in comparison to the line cross-section [168]. The unit
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Fig. 3.30 Multilevel interconnect stack used in Cu-damascene technology (Courtesy ITRS 2004)
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cell model from Ramkrishna et al. shows an exponential rise of temperature with
increase of current density [169].

Figure 3.30 shows the multilevel stack typically used in the Cu-damascene struc-
ture. There might be more that seven metal lines at the intermediate level and five
or more in the global interconnecting system.

Figure 3.31 shows the conduction of heat from Ta-layer to Cu-layer. The heat
conduction can be modeled by considering the layers as slabs 1 (Ta), and 2 (Cu)
having conductivity K; and K>, thickness L; and L, and A is the cross-sectional
area. Let us assume that the temperatures of the outer surfaces are 7y and Tc, and
let Tx be the temperature at the interface. In a steady state the rate of heat transfer
will be

0 ={A(Tu —To)} / {(L1K1) + (L2/K2)} . (3.17)

Fig. 3.31 The conduction of Heat flow — b
heat through tantalum (or its
compound) and copper

Ty

Ta(L)) Cu(L,)

The thermal conductivity of two adjoining layers can be modeled as: [170-171]

Kbvi—tayer = 2 {(K1K2) /(K1 + K2)}, (3.18)

where K is the thermal conductivity of layer 1 (either Cu when the bi-layer is
considered Cu/Barrier layer, or barrier when the bi-layer is barrier/dielectric) and K3
is the thermal conductivity of layer 2 (either barrier or dielectric). Equation (3.18)
will give the equivalent thermal conductivity of the bi-layer and we will be able to
determine that value if we know the values of K| and K.

Interfacial thermal resistance (®) normal to the interface (K| ) is due to the com-
mutative impact of scattering phenomena and can be represented by [172]:

K| = [{(cu + rm)}] / [{licy — ) / (Kew)} + {(r1a — 8) / (KTa)} + {(26) / (Kbi—laye%}%é)

where ¢y and f, are the thickness of the Cu and Ta films, § the effective thickness
consumed from the individual layer due to interface formation, Kjy the thermal
conductivity of the interface layer, and K, and KT, are the thermal conductivities of
Cu and Ta. We can clarify further, from some experimental evidence, that heat must
flow transversely through grain boundaries and interior grains, when the grain size
is equal to the thickness of the film (0.3-3 pwm) [173].
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Following Equation (3.19) the thermal resistance for heat flowing through (nor-
mal to) a bi-layer (Cu/barrier (B) or (B/dielectric layer) can be obtained by summing
the thermal resistance, thickness, and thermal conductivity of the bi-layer [174] and
can be modeled as: [175]

®(interface) =4 {(Z/kint) - (I/Kcu) - (1/KTa)} (3'20)

Table 3.3 shows some of the structural, thermal and electrical properties of the
transition metals and their compounds.

Table 3.3 Physical properties of some of the probable interactive materials

Conductivity Conductivity
TCR (Electrical) (Thermal)
Material Structure (ppm./°C) (WQ-cm) ™! Watts/cm-°C
Ta bee (o) 500-1800 0.04-0.02 0.54
tetragonal (B) —100 to + 100 0.0055-0.0045
TaO,
TaN Amorphous -60 0.0004
Cubic <111> 0.0066-0.005
TaSip Hexagonal 12.5 0.066-0.02
TaC Cubic 6.3 0.01-0.0066 0.22
TaFs5 tetrameric
TaOCl3
Cu Cubic 0.393 0.64 0.053
CusSi

3.2.10 Classification of Barrier Layer

The diffusion of copper in silicon along the grain boundaries (GBs) can be 100
times larger than the diffusion along the lattice of single crystal silicon. A large
number of transition metals and their compounds have been tried as barrier layer
and have been reported from time to time. The barrier layer extends the lifetime of
the resultant contact structure by retarding interdiffusion or resisting the chemical
reactions between the two layers to form a new phase [176-178]. The diffusion
barriers can be classified into three categories namely: (a) passive (b) sacrificial,
and (c) stuffed [139].

A passive barrier is an inactive and protective layer without responding to or
initiating any interactions (chemical, physical, or metallurgical) whatsoever and it
has high negative heat of formation. A sacrificial layer, on the other hand, reacts
between layers very slowly and within the lifetime of the device there is no diffusion
of the metal. The third one is the stuffed layer, which provides some kind of bar-
rier species to block the grain boundaries so that no diffusion occurs. Nitrides, sili-
cides, borides, and carbides of transition metals are possible materials that have been
used as barrier layers in advanced semiconductor device technology [146,179-180].
Figure 3.32 shows a schematic of three major diffusion barriers.
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Fig. 3.32 Schematic of the three major diffusion barrier types (Reprinted with permission, Solid
State Technology, 28, 10, 1985)

3.2.11 Properties of Different Barrier Layer Materials

3.2.11.1 Tantalum (Ta) and Its Compounds

Tantalum (Ta) is a refractory metal and belongs to the class of metals known as
valve metals, which form tough self-protecting oxides [181-183]. Ta has a high
melting point (mp~3000 °C) and PVD of Ta has been found to be the most suitable
method for deposition of the film. The difficulty with PVD film is that the structure
of the deposited film depends on the processing conditions [184—185]. Sputtered
Ta is known to produce bce-Ta (o), p-Ta, or even fcc-Ta, and the film roughness
increases as the density decreases with orientation angle of the film [186].

As-deposited Ta-film has a B-phase with polycrystalline columnar structure [187]
and it grows along the <002> direction with an additional shoulder along <202>.
The Ta layer texture over Si remains unchanged (no out-diffusion of silicon) at
600 °C. However, annealing at higher temperatures shows the formation of TaSis,
which grows along <111> with secondary growths along <200> and <112>. Some
observers have reported the formation of amorphous Tas Si 3 at the interface of
Ta/Si, which transforms to TaSi, crystallites when annealed at 700 °C.

Tantalum nitride: Ta and its nitrides have been found to be promising materi-
als for barrier layers in copper dual damascene processes. Tantalum nitride can
be deposited by (i) reactive sputtering [188-189], (ii)) MOCVD [190], (iii) ion
beam assisted deposition (IBAD) [191], and (iv) implantation of Ny (>25 at %)
[192].

Low-pressure (5 x 107 torr or less) deposition results in TayN composition
whereas the formation of TaN is favorable above 10~ torr. Hcp TaN shows lower
resistivity, and higher reliability at 800 °C compared to bec TaN [193]. TaN is a
chemically inert refractory compound and can be present in various phases, such
as B-TapN, 6- TaN, n-TaN, 8-TaN_,, TapNg, TagzNs and TazNs [194]. Moreover,
tantalum and its nitrides (Ta;N and TaN) a do not form Cu-Ta or Cu-N alloys (e.g.
CusN is very unstable and decomposes at ~300 °C) [193].
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Sputter deposited tantalum nitride (TaN) is cubic and growth is seen along <200>
with strong secondary growth along <111>. The structure remains unaltered below
800 °C, and shows better integrity over Ta film. [194-198]. The sputter deposited
TasN film on the other hand is amorphous and forms crystallites above 600 °C.
However, above 600 °C sputter deposited amorphous layers of TaN over TayN show
better reliability and minimum intrinsic stress [199].

The resistivity of TaN layers is very much influenced by the amount of N, present
in the system. As the ratio of (N/Ta) increases the activation energy related to lattice
out-diffusion of copper decreases. According to some observers [200], annealing
between 500 and 900 °C induces more strain in the single layered TaN film, com-
pared to the double layered Ta,N/TaN film.

Tantalum forms a carbide of the metal (TaC) which is similar to tantalum
nitride (Ta ,N). However, in the case of TaC there is no equilibrium ternary phase
between TaC and Si. When deposited over SiO; the oxygen from SiO; can form an
amorphous layer of TaOy. It has been observed that tantalum carbide (TaCy) film
deposited by magnetron sputtering over silicon dioxide grown on n-type silicon is
almost amorphous in nature [201].

3.2.11.2 Titanium(Ti) and Its Compounds

Titanium metal has a hexagonal closed packed (hcp) lattice and resembles other
transition metals such as iron (Fe) and nickel (Ni). It is hard, refractory (mp =
1680 °C) and is a good conductor of heat and electricity [201-202]. Titanium
reduces silicon dioxide (SiOj) at relatively low temperatures and forms a strong
bond with SiO». It is quite light in comparison to other metals of similar mechanical
properties and usually resistant to certain kinds of corrosion. At elevated tempera-
tures it reacts with almost all non-metals, like hydrogen (H»), oxygen (O3), nitrogen
(N2), carbon (C), boron (B), silicon (Si), and sulfur (S),. The possible metal com-
pounds that are formed with N», C, and B are nitride of Ti, (TiN), carbide of Ti (TiC)
and borides of Ti (TiB, and TiB;) that are very stable, hard and refractory and they
are potential candidates for a barrier layer. Titanium compounds are also considered
as adhesion promoters.

Titanium borides (TiB and TiB2) deposited by magnetron sputtering have been
used as barrier layers and have been found to be reliable below 700 °C [202]. There
has been an attempt to use CVD deposited titanium silicon nitride (TiSiN) as a
barrier layer, but it has not been successful due to poor copper wetting and poor
adhesion of the film to low-K dielectrics.

TiN film is most commonly deposited by reactive sputtering in the presence of
N> and Ar [203] with good stoichiometry and purity. When deposited over small via
holes, the film shows lack of conformality and uniformity. However, ionized metal
plasma or MOCVD deposited films are conformal [204-205]. Conformal, and void-
free TiN layers have also been deposited successfully at low temperatures by atomic
layer deposition (ALD) [206].

Sputter deposited titanium carbide (TiCx) has been reported to be a stable bar-
rier for copper below 600 °C. However, the formation of localized defects or grain
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boundaries above 600 °C becomes the primary source of Cu-diffusion [207-208].
Moreover, the adherence of Cu is poor on titanium carbide (TiC) film due to the
presence of carbon.

3.2.11.3 Molybdenum (Mo) and Its Compound

Molybdenum and tungsten are both similar in nature, but they form different com-
pounds. Both elements are inert to oxygen at ordinary temperatures, but at high
temperatures they can form higher oxides of the elements (M0oO3, WO3, M0,0s
and WOy). The resistivity of MoO3 increases monotonically with the percentage of
oxygen content in the film regardless of sputtering conditions. A similar trend has
also been reported for tungsten nitride (WN) films [209-210].

Pulsed layer deposited (PLD) and magnetron sputter deposited (MSD) molyb-
denum (Mo), carbon (C), and carbon boride (B4C) layers have been reported by
S. Braun et al. [181]. Studies show that the MSD method grows more amorphous
inter-layers compared to the PLD method. It is expected that thin films of amor-
phous silicon molybdenum nitride grown by reactive co-sputtering of silicon (Si)
and molybdenum (Mo) targets in presence of nitrogen can be a potential candidate
for barrier layers [182—183].

3.2.11.4 Tungsten (W) and Its Compounds

Tungsten nitride (W,N) is deposited either by radio frequency plasma or CVD
methods by the reduction of hexafluoride of tungsten (WFg) and is considered as
a good barrier layer against Cu-diffusion. The tungsten to nitrogen ratio determines
the morphology of W,N and its effectiveness as a barrier layer [184]. There is no
structural change noticed at 600 °C; however, above 600 °C, the film forms crys-
tallites [85, 211]. Compounds of tungsten with carbon and nitrogen, WCN, have
been deposited by atomic layer deposition (ALD) and has been integrated success-
fully as a barrier layer with low-K dielectric materials [212, 206]. Another potential
candidate for barrier layer is tungsten carbide, which has been prepared by plasma
assisted ALD, using bis(tert-butylimido) and bis(dimethylamido) at 250 °C.

3.2.11.5 Cobalt

Cobalt is a hard, bluish white metal, which melts at 1493 °C and is found in nature in
association with nickel and arsenic. It dissolves in mineral acids, and does not com-
bine directly with hydrogen or nitrogen to form hydrides or nitrides of the metal. At
elevated temperatures, it reacts with atmospheric oxygen and in moist atmosphere it
forms oxides of the metal (CoO and Co3zQ4). There is no evidence of the existence
of a Cop03 compound. Co has been used in the Cu-damascene process as an adhe-
sion promoter [213]. The thin epitaxial barrier layer of CoSi» has shown promise
because of its morphological integrity above 550 °C [214]. Ultra-thin (10 A) cobalt
film deposited by e-beam evaporation and rapid thermal processing shows low resis-
tivity (14 w€2.cm) and the surface roughness of the film remains unchanged above
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500 °C [215-216]. Low-resistivity Co has also been used as a contact metal in semi-
conductor devices (Fig. 3.33).

Fig. 3.33 The fabrication of pate
a MOS device where cobalt source drain Co
(Co) has been used as i
low-resistivity contact over
the source and the drain STI STI
regions (Reprinted with
permission of AIP)

RTP1

l . —~ CoSi;

STI STI

Recently cobalt tungsten phosfide (CoW P) deposited by the electroless method
[217] has been used as cap material in copper interconnects. Capping the copper in
the Cu-damascene process with CoWP has improved device reliability [218].

3.2.12 Cap-Layer, Its Properties and Functions

In order to reduce copper oxidation, corrosion, interface diffusion and inelas-
tic deformation due to diffusional creep, a cap layer has been used with Cu-
interconnects (Fig. 3.34) [219-220].

The cap layer has the ability to suppress vacancy generation [221] in Cu; besides,
the adhesion energy of the cap layer is very high compared to the dielectric surface

Fig. 3.34 Schematic of the cap layer (Reprinted with permission AMD)
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(40 J/m? : 1072° J/m?). The adhesion energy of the cap layer is proportional to the
electromigration (EM) activation energy. Cobalt tungsten phosphide (CoWP) has
the highest activation energy compared to other cap layers (SiC, SiN, and NSiC)
that are used in the Cu-damascene process (Fig. 3.34). As aresult, CoWP is believed
to be the most effective cap layer to minimize EM in Cu-interconnects. Figure 3.35
shows two different approaches (electroless) to form an effective (CoWP) cap-layer.
However, a palladium (Pd) activated cap is becoming unpopular because of its detri-
mental effects, such as: increased line resistance due to Pd diffusion into copper
(Cu), Cu-etch loss, and corrosion of Cu-barrier layer interface, besides processing
and consumable costs.

Fig. 3.35 Two different approaches to deposit cobalt based capping layers (Reprinted with per-
mission from Semiconductor Internationl, Oct. 2005, p. 45)

The X-ray diffraction (XRD) pattern of high temperature an annealed CoWP
cap layer material shows a broad peak which is supposed to be due to chemical
reactions at the interface and formation of voids (Fig. 3.37). Figure 3.36 shows
different interface-debond energy versus void growth rate of different cap materials.

Fig. 3.36 The comparative
analysis of different cap
materials and their ability to
suppress voids (Reprinted
with permission, IBM
Research)
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Fig. 3.37 Void formation at
high temperatures (Reprinted
with permission, Mat. Res.
Soc. Adv. Met. Conf. 2003)

Autocatalytic chemical reduction (electroless deposition) of Co-alloy with W,
and phosphide is a very popular method to deposit a CoWP cap-layer [222].
Electroless deposition of the cap layer when self-aligned to Cu forms a smooth con-
formal film (Fig. 3.37). The CoWP capping layer not only suppresses electromigra-
tion (EM), but it also increases the current carrying capacity in the Cu-interconnect.
According to some observers, the use of CoWP could enable a change in the choice
of material for the etch stop dielectric layer, now typically SiN (K~7.0), or SiC
(K~3.5), or SiCN (K~4.9) is used as cap layer.

3.3 Summary

There has been considerable progress in the use of copper (Cu) as interconnect-
ing metal in sub-100 nm devices due to its higher conductivity and electromi-
gartion resistance than aluminum. However, the high diffusivity of Cu in silicon
needs an effective barrier layer. The barrier layer is usually laid on between the Cu-
interconnecting lines and the dielectric layer. The barrier layer must be able to pre-
vent diffusion, should exhibit low equivalent resistance with Cu-lines, should have
good adherence properties over the substrate and the over layer, and be compatible
to chemical mechanical polishing (CMP). In addition to all of these, the barrier layer
must be thin, conformal, and continuous to fully encapsulate the Cu-lines. Transi-
tional metals and their compounds, especially Ta/TaN, have high melting points
(therefore high activation energies are required for both lattice and grain boundary
self-diffusion) and have shown promising results. At moderate temperatures, these
barrier layers keep their morphological identities, do not form intermetallic com-
pounds, and provide a relatively stable interface with Cu. However, the formation of
a conformal, thin continuous barrier layer will depend upon the deposition technol-
ogy and several processing conditions. For example, ionized sputtering technology
has replaced the conventional PVD method, to produce thin uniform coverage in
deep via holes or trenches. On the other hand, ALD processes have successfully
demonstrated the deposition of highly uniform and conformal thin films by alter-
nating exposures of a surface to vapors of two chemical reactants. Likewise, the
innovative low-temperature processing of MOCVD has been successfully applied
to deposit good barrier films with fine-tuning of the precursors.
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Chapter 4
Pattern Generation

4.1 Photolithography

4.1.1 Introduction

The desire for small feature size continues to make tremendous gains in device
performance but with added circuit complexity. Fine pattern generation on the
deposited dielectric layer is the usual practice in damascene (single/dual) archi-
tecture. The main driver behind this is advanced photolithography (or lithography
which uses a high polymer, called a resist, and a proper radiative exposure with
proper optical systems). In an effort to keep up the trend of reduction in feature size,
semiconductor industries have switched over from conventional ultraviolet (UV) to
deep ultraviolet (DUV) lithography. Figure 4.1 shows a picture of the trenches pro-
duced by using a DUV resist with resolution factor k; as small as 0.25 (the 2004
ITRS requirements for technology node is hp90 and is expected to be hp65 by the
year 2007, where hp 90 means 90 nm node technology). The images show (a) 80 nm
lines with 120 nm spacing and (b) 90 nm lines with 135 nm spacing.

Photolithography is a prime example of how the International Technology
Roadmap for Semiconductors (ITRS) drills down to its equipment and materi-
als underpinnings. The growth of the industry has been the result of improved
lithographic resolution and overlay across increasingly larger fields. Tool technol-
ogy has progressed to successively shorter wavelengths and high numerical aperture
(NA) lenses. NA has been a factor in extending optical lithography and its various
iterations for some time. However, the approach of high NA and shorter wavelength
has increased the resolution capability of the exposure tools at the cost of reduced
the intrinsic depth of focus (DOF) of the aerial image. Figure 4.2 shows the future
requirements for lithography including exposure tools. The legend indicates the
approximate time that will be required for the development and qualification/pre-
production.

According to the International Technology Roadmap for semiconductors (ITRS)
linear device features have decreased at the rate of 70% every three years, and pho-
tolithography has evolved to make smaller and smaller devices (Fig. 4.3).
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Fig. 4.1 A picture of the
trenches produced by
photolithography (a) 80 nm
lines and 120 nm spaces,

(b) 90 nm lines and 135 nm
spaces (Reprinted with
permission, Solid State
Technology, Nov. 1998 p. 62)
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Fig. 4.2 The detail future photolithography requirements and exposure tool potential solutions
(Reprinted with permission ITRS update, 1999, SEMATECH, Austin, TX)

Figure 4.3 shows one of the 58 millions tiny transistors fabricated on a silicon
on insulator (SOI) substrate 118 mm square, following 130 nm node technology.
Patterned interconnecting Cu-lines 400 meters long and 1/800th the width of a
human hair have been used to connect the sub-micron transistors (Fig. 4.4) [1-2].
Advanced photolithography has demonstrated that printing and pattern transfer
below 10 nm is possible as predicted by the simulation results [3-5].

The photolithography starts with a circuit pattern etched in chrome metal on glass
[6], and illumination of the patterned photomask in the optical stepper. An image of
a circuit pattern is captured on the silicon wafer as a latent image by photosensitive
polymer, known as photoresist (resist).

In the early 1990s, there was significant concern that the industry could not make
the transition from i-g line lithography to 248 nm deep ultraviolet (DUV) lithog-
raphy, because of too many challenges to overcome. Now DUV lithography has
matured and has been very successful in high volume manufacturing [7]. As a matter
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Fig. 4.3 Scanning electron
microphotograph of one of
the 58 million transistors
fabricated on a single chip
following 130 nm-node
technology. The
interconnections are made out
of copper (Photo courtesy,
IBM, Research, G-5
processor)

Fig. 4.4 Patterned copper
wires less than 1/800th the
width of a strand of human
hair (Reprinted with

permission, IBM research)

of fact, starting with i-line (365 nm) optical lithography has progressed steadily to
DUV regions (248, 193, and 157 nm) and finally has landed int the extreme ultra-
violet lithography (EUVL) region. Now DUV methodology and the exposure tools
with numerical aperture (NA) >0.80 are readily available. Lithography equipment
suppliers are ready to deliver production quantities of 0.75 NA for 248 nm and
0.68 NA for 193 nm exposure tools to support 90 nm node technology on 300 mm
wafers. Figure 4.5 shows predictions about the evolution of lithography from 1996
to 2002.

It is expected that 65 nm node technology will require 157 or 193 nm lithography
with alternating phase shift mask (Alt. PSM) [8]. Alternately, optical proximity cor-
rection can extend KrF (248 nm) technology down to 180 nm [9] and ArF laser
and associated technology to 100 nm. However, there are many challenges for
157 nm lithography, like the development of large diameter high purity CaF, crys-
tals for optics, the development of pellicles with high transparency to protect masks,
and large scale manufacturing capability of resist materials [7]. Because the resist
materials that are used in 193 nm system are highly absorptive, they cannot be used
for 157 nm exposure. However, some resist materials have been reported recently
that have sufficient transparency and are expected to work with 157 nm [10].
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Fig. 4.5 Predictions about the evolution of lithography technology from 1996 to 2002 (Reprinted
with permission, Semiconductor International, Feb. 2003, p. 58)

Nevertheless, the transition to 157 nm wavelength is by no means straightfor-
ward. In general, material development is the most critical aspect of 157 nm lithog-
raphy, and it relies on the simultaneous development of exposure and resist material.
For the purpose of sharp pattern development, experience suggests that at least 40%
of incident light should make it to the bottom of the resist layer. The first polymer
to demonstrate such transparency was Teflon AF [11].

Table 4.1 shows how the miniaturization of the feature sizes has changed the
exposure wavelengths and the chemistry of the resist materials. We will witness all
these in the following paragraphs.

Table 4.1 Chronology of lithography

Year Line width (nm) Wavelength
1990-1991 500 365
1994-1995 350 365/248
1997-1998 250 248
1999-2000 180 248
2001-2002 130 248
2002-2003 90 193
2003-2005 65/45 193/157
2005-2010 45/32 193/157

4.1.2 Resolution Limits of Optical Lithography

The minimum feature size that can be printed with optical lithography is determined
by Rayleigh’s equation:

Wiin = {(k12)/(NA) = {(k12)/(n sin ) = {(k12)}/{(0.612)/(2b)} (4.1)
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where kj is the resolution factor and is dependent on the optical system, \ is the
wavelength of the exposure, NA is the numerical aperture, n is the refractive index
of the medium, « is the angle of acceptance, and 2b the separation between two
images. ki is a complex factor of several variables such as resist material, resolution,
enhancement techniques, off-axis illumination, and optical proximity correction.
Figure 4.6 shows how the values of k; have changed with time (year). With time,
the exposure wavelengths, the chemistry and the processing technology of the resists
have changed. However, the practical lower limit of & is still higher than 0.25.

0.9

08

0.7

k 0.6

0.5

04 —

PSP I N O O O T
1982 1985 1990 1995 2000
Year

Fig. 4.6 The trends of k; values with the development of the lithography system (Reprinted with
permission, Scotten W. Jones IC Technology Report, IC Knowledge, 2006)

4.1.2.1 Effect of the Media on Resolution

The numerical aperture (NA) in Equation (4.1) is equal to (n sina), where 7 is the
refractive index of the medium, and o is the angle of acceptance. Theoretically, if the
value of n is changed from air (n = 1) to a medium of higher value, it is possible to
make the minimum feature size smaller. Recently, interest has grown dramatically
in exploring the use of a high index liquid immersion medium between the exit face
of the lens and the photoresist surface to further extend optical lithography. The
process is known as immersion lithography.

Thus, following the above theory, the effective wavelength (h¢fr) can be affected
by ho / n (o is the wavelength of the exposure light, and n is the refractive index
of the medium) through the use of deionized (DI) water (n ~1.44) as the immer-
sion medium. Theoretical calculations show that it will potentially extend 193 nm
lithography by 44%, twice the resolution enhancement offered by 157 nm lithogra-
phy. However, transparency is a key requirement for immersion fluids. It has been
found that many saturated hydrocarbons such as linear alkaline groups show trans-
parency, required viscosity, and promising results with 193 nm exposure. Therefore,
itis hoped that 193 nm-immersion technology will be the choice in nano-lithography
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for several generations [12]. Figure 4.7 shows an experimental set up for 193 nm-
immersion lithography with water as the immersion liquid.

Fig. 4.7 Experimental set up of an immersion technology (Courtesy of Tokyo Electron Limited)

4.1.2.2 Effect of Wavelength Exposure on Resolution

The shorter the wavelength (\) of the exposure used, the smaller the circuit features
that can be copied. Most of the commercial production exposures rely on excimer
lasers that will cover 248 nm (KrF), 193 nm (ArF) and 157 nm (F,) wavelengths
[13]. The use of commercial F, excimer lasers including suitable masks, transparent
pellicles, and reticles is still under development [14—15].

4.1.2.3 Effect of Numerical Aperture (NA) on Resolution

Besides the wavelength (\), the resolution of the exposure light will also depend
on the degree of coherence, and the numerical aperture (NA). The NA, on the other
hand, is related to the depth of focus as DOF = %/NA?Z. It is derived from the usable
diameter of the objective lens, the distance from the reticle to the objective lens, and
the refractive index of the media. Now, manufacturers have the capability of making
NA greater than 1, — the so-called hyper-NA. It is true that building a larger usable
objective lens can increase NA, but it will require exceptionally high quality lens
material, which has proven to be a technological hurdle. It is also true that increased
NA leads to increase unregulated and undesirable polarization effects throughout the
optical path of an exposure system (Fig. 4.8). Therefore, an appropriate compromise
between high resolution, NA and depth of focus must be established in designing
aligners.

4.1.2.4 Modulation Transfer Function and Critical Dimension (CD)

Photolithography patterns are imaged from a mask plate, which is illuminated by
an external light source with its own optical characteristics. Therefore, the perfor-
mance of photolithography equipment can be measured by using criterion other than
the Rayleigh limit, which is known as the modulation transfer function (MTF). The
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Fig. 4.8 Potential influences in the optical path when hyper-NA (>1) is used in the Illumination
path (Reproduced with permission Semiconductor International, Feb. 2006, p. 32)

MTF depends on (i) NA, (ii) A, (iii) the mask feature size, and (iv) the degree of
spatial coherency of the exposure light. Dimensions are most often measured on
line-type patterns, and the dimensional control is frequently referred to as the line
width control or better known as the critical dimension (CD). If CD pushing is a
common part of a process, masks should be ordered with bright field dimensions at
their minimum expected values. Too much CD pushing often results to an irrepro-
ducible process [16].

When analyzing imaging requirements for future lithographic tools, the relation
between critical dimension (CD), depth of focus (DOF), and the numerical aperture
will be helpful. Figure 4.9 shows the relation between lens NA versus DOF and CD.
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Fig. 4.9 Relation between lens NA and DOF and CD (Reprinted with permission, Solid State

Technology, Feb. 2002)



168 4 Pattern Generation

4.1.2.5 Effects of Antireflective Coating (ARC) on Resolution

Photoresist line width variations are difficult to control in the vicinity of steps
because of: (a) differences in energies due to resist thickness; (b) scattering of light;
and (c) standing wave effects. A variety of procedures has been suggested including
use of high y (contrast) resist, dyes to make the resist more optically absorptive,
and anti-reflecting coating (ARC). Experimental observations show that the formu-
lation of un-bleachable dyes is simpler than ARCs but require increased exposure
time (i.e., reduced throughput).

ARCs are polymer films (e.g. an anthracene compound with stabilized chro-
mophore) that are highly absorbing and non-bleaching at the exposure wavelength.
Recently, a spin on SiO based back anti-reflecting coating (BARC) layer, referred
to as a sacrificial light absorbing material (SLAM), has shown promising results for
via first patterning, as a result of minimized standing wave effects and reflections
from the substrate surface (Fig. 4.10). In addition to that, the ARC layer can be uti-
lized as a planarization layer. However, the price paid for all these benefits is process
complexity and possible loss of dimension control [13].

Fig. 4.10 Scanning electron
micrograph comparing the
trench structures (a) with a
sacrificial light absorbing
material and (b) without a
sacrificial light absorbing
material (Photo courtesy
Honeywell, CA)

4.1.3 Deep Ultraviolet (DUV) Lithography

The journey through micro-lithography, which started with 365 nm exposure and
with o-quinonediazides formulation of the resist materials to resolve 0.5 pwm feature,
came to a halt in the early 1990 s because of its inability to resolve lines below
250 nm. Experimental observations showed that one of the methods of achieving
an improvement in resolution is through the use of high-energy shorter wavelength
radiation exposure [17].

DUV lithography, which needs shorter exposure wavelength than UV and mid-
UV lithography, should be supported by proper resist material and an optical
hardware system. Optical hardware limitations in the deep-UV region revolve
around lens design and power increase of the radiation source. As a result, the
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industry introduced tools with lenses >0.80 NA and powerful excimer lasers [18].
However, there is a large number of issues concerned with the use of 193 nm lasers
in production steppers that need to be addressed.

DUV resist materials formulated on various chemistries are mostly poly-
methylmethacrylate (PMMA), methacrylates with large alicylic group, poly
(p-hydroxystyrene), and certain fluoropolymers and polysiloxanes [19-20]. The
spectral absorption of methacrylates shows absorption below 260 nm with a peak
between 225 and 220 nm. The absorption is due to the n—m* transition of the car-
bonyl group, with maximum absorption coefficient between 0.27 and 0.47 pm™! at
215 nm. Several methacrylate based DUV resists have been formulated but notable
among these are copolymers of methyl methacrylate and indenone (3%) and those
require an exposure of only 60 mJ/cm? at 248 nm. However, PMMA and some
of its copolymers exhibit poor resistance to the dry etching process. There has
been a negative resist for DUV application too, which is based on cyclized poly-
isoperene and several bisazides with a sensitizer, which is not absorbed in the visible
region.

The modern DUV-resist contains multiple components including a polymeric
binder [21]. For example, the 248 nm resist system is based on a chemically ampli-
fied photoacid-catalyzed process [22], and it contains a para-hydrostyrene binder,
and a high etch resistance material with aromatic rings. Some of the hydroxyls in
the binder are protected as acid-labile tert-butyl carbonates [23]. However, the pres-
ence of aromatic groups in the binder greatly reduces their radiation sensitivity at
shorter wavelengths (below 254 nm) [24]. As a result, new formulation of resist
materials for 193 nm photolithography is based on norbornene/maleic anhydride
copolymers or poly(meth)acrylates having a polycylic (e.g. adamantyl) group as
their side chains [25].

Resist out-gassing (because of vapor pressure, boiling point, etc.) during expo-
sure is a problem because it degrades lens transmission. However, experimental evi-
dence shows that the use of photo-decomposable aminosulfonate moieties (capable
of photogenerating free aminosulfonic acid) can alleviate the problem.

4.1.3.1 Technology for 193 nm Lithography

The transition from 248 to 193 nm brought several issues in the formulation of
resist chemistry. For example, the photoacid generator (PAG) present in 248 nm
resist has to face higher energy photon (4.89-6.42 eV) at 193 nm. At the same time,
the resist is highly reflective at 193 nm, and it requires a methacrylate based antire-
flective coating (ARC), because phenyl-containing ARC is not sufficient. Besides,
the photo-speed of the resists to be used in 193 nm lithography has to be addressed
properly.

The para (p)-hydroxystyrene (PHOST) based 248 nm resist is too opaque for
193 nm and it requires the development of resist materials and chemistries such
as hydrophilicity, glass transition temperature (Tg), and etch resistance (presence
of aromatic ring in high concentration). Besides, it requires the addition of some
acid-cleavable functionality such as carboxylic acid to promote the solubility in
tetramethyl ammonium hydroxide (TMAH) [26]. The recently formulated PHOST
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contains a hydroxyl group which is acidic, and is shown in Fig. 4.11 with the distri-
bution of negative charges.

PP

Fig. 4.11 The distribution of negative charge on the anion due to acidity of PHOST (Reprinted
with permission, Solid State Technology (SST), March 2000)

The stabilization in PHOST is achieved by the distribution of the negative charges
on several  electron systems of the adjacent aromatic ring of the anion (Fig. 4.12)
[27].

Fig. 4.12 The negative
charge on the carboxylate X %
anion (Reprinted with
permission, SST, March —_—
2000)
o] o° o) o}

Recently, attention has been concentrated on the derivatives of acrylate and
methacrylate copolymers with large alicylic groups such as menthyl, adamantyl,
isobornyl, and tricyclodecyl.

Fig. 4.13 shows free radical alternating co-polymerization of maleic anhydride
and norbornene.
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Fig. 4.13 Free radical alternating co-polymerization of maleic anhydride and norbornene
(Reprinted with permission, SST, March 2000)

As cyclic olefin hydropolymerizes poorly via free radical methods, a different
formulation of norborne has been developed. It contains maleic anhydride, acrylic
acid, and t-butyl acrylate monomer polymerized by free radicals and it works well
with 193 nm ArF (argon fluoride laser) exposure [28-29]. The incorporation of
acrylic acid provides aqueous base solubility and tert-butyl acrylate is similar to
poly (norbornene-alt-maleic) anhydride [30].

It has been found that incorporation of maleic anhydride, via free radical alternat-
ing co-polymerization with cycloaliphatic olefin monomers, dramatically improves
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cracking and adhesion problems [31]. Recently, a co-polymer with 2-wt% of triph-
enyl sulfonium trisulfate (TPSOTY) and propylene glycol ether-2 acetate has been
used as a 193 nm resist system to create 100 nm structures [32]. However, synthe-
sized cycloaliphatic co-and terpolymers using Pd (II) metal catalyzed polymeriza-
tion are seen to work well with 193 nm exposure.

The performance criteria for 193 nm resists are continually being improved by
reducing line edge roughness, improving etch resistance, and preventing pattern
collapse due to capillary effects together with the mechanical rigidity of the resist.
However, some of the resist materials used for 193 nm show shrinkage in dimension
during processing with low-K. The probable cause might be due to their lower glass
transition temperature (T) and higher thermal expansion coefficient.

193 nm resists are mostly used in the manufacture of dynamic random access
memories (DRAMSs), or high volume microprocessors. Today, 193 nm resist is
matured and is capable of printing 70 nm isolated lines. Though out-gassing is a
problem with most of these DUV resists, it is considered to be a manageable prob-
lem [33].

4.1.3.2 193 nm Exposure System

Argon fluoride lasers (ArF) provide greater depth of focus because of their shorter
wavelength. The pulse energy that is used as a radiation source for 193 nm wave-
length is 100 mJ. However, increasing the pulse rate to the multi-kHz level the effi-
ciency of the exposure can be increased with a number of risks [34].

Stepper

The ultimate advantage of steppers over scanner-type aligners is higher image reso-
lution. The projection system in steppers uses refractive instead of reflective optics
to project the mask image on to the wafer.

Figure 4.14 shows a schematic of (a) a stepper and (b) a scanner. The use of an
all-refractive lens in a stepper requires a line-narrowed laser source for chromatic
correction. Commercial steppers use an argon fluoride laser (at 193 nm) as a radia-
tion source. The line narrowing system utilizes gratings instead of using transmis-
sive etalons to avoid optical damage of the bulk silica and etalon coatings. In order
to expand the beam size on the grating without reducing the line width per pass,
one or more prism is used in the optical path. A small field, 193 nm micro-stepper
schematic diagram is shown in Fig. 4.15. It has a 0.5 NA x 10 imaging lens, and a
table to mount the wafer. The table can be adjusted through X, ¥, Z axes and can be
rotated through an angle 6.

Step-and-Scan System

Unlike the stepper, which instantly exposes a full image field, a scanner exposes
through a small slit of the lens image field and travels across the entire field. The fun-
damental difference allows a scanner to average the lens wave-front aberration along
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(a)

(b)

Fig. 4.14 The schematic of (a) stepper: (1) wafer, (2) projection lens, (3) reticle, and (4) light
source, and (b) scanner: (1) wafer scanning stage, (2) projection lens slit, (3) reticle scanning
stage, (4) illumination system
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Fig. 4.15 A schematic diagram of a 193 nm micro-stepper (Courtesy, Exitech, Oxford, UK)
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the scanning direction, resulting in better image resolution [35]. Another important
observation noticed in scanner performance is its ability to control the synchroniza-
tion between the reticle stage and wafer stage. Some commercial scanners available
on the market show excellent synchronization performance at 250 nm/s scanning
speed with standard deviation less than 15 nm.

The 193 nm scanner tools use a KrF (krypton fluoride) laser exposure instead
of ArF exposure, though below 130 nm ArF provides greater depth of focus. Thus
there is a choice between using a high NA, ArF stepper or a high NA KrF scanner.
The greatest disadvantage of using ArF laser exposure is that the optical system
requires an expensive CaF, material, and the resist material itself is more expensive
than KrF resist and very sensitive to contamination.

Figure 4.16 shows the 193 nm step and scan lithography system, which is
combined with a 0.75 numerical aperture (NA) lens. The instrument can provide
improved leveling performance and leading edge overlay with an exposure capacity
>90 wafers/h at a dose of 20 mJ/cm?.

Fig. 4.16 The 193 nm step
and scan lithography system
(Photo courtesy ASML,
Veldhoven, The Netherlands)

4.1.4 Reticles

Reticles for creating image patterns are produced at a greatly enlarged size, and
images are directly created on wafers in step and repeat aligners. It is then reduced
to the final stage by a photolithography reduction process to provide accurate pattern
dimension. As the design rules dip below 0.18 pwm, DUV scanners are used at all
critical levels with overlay requirements less than 50 nm.

To optimize the matching of exposure tools, matching reticles with specific over-
lay patterns are used to calibrate each system, and algorithms have been devel-
oped that analyze overlay data. In concentric matching, only the common field area
between the stepper and the scanner is available for lithography. To improve over-
all matching performance, both 4x and 5x features are placed on the same reti-
cle and thus reticle to reticle error is eliminated (Fig. 4.17). Better throughput can
be achieved with non-concentric matching; however, it requires a more complex
evaluation.

As the exposure wavelengths get shorter the tools become complicated and the
lithography becomes time consuming and expensive. One probable cost-effective
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Fig. 4.17 A single matching reticle containing 4x and 5x features is used for non-concentric
matching (Reprinted with permission, Semiconductor International, Feb. 2000, p. 68)

solution might be mix and match lithography though the science behind this tech-
nology is complex.

The old i-line (365 nm) steppers are typically 5x reduction tools with 22 x
22 mm field size, while the mid-UV (248 nm) and deep UV (193 nm) scanners are
4x tools with a typical field size of 26 x 33 mm. It seems that matching a scanner
field, and the use of i-line tools, will be profitable in the long run, even though the
costs of the tools, and of the consumables, are a lot higher than with 193 and 248 nm
systems.

The use of lithography tools will depend on the nature of the device, whether
it is logic intensive or more memory intensive (Table 4.2). Accordingly, the num-
ber of layers will vary from 25 to 30 and the processing will be more expensive.

Table 4.2 Mix-match technology

Logic devices DRAM, MPU

100nm i KrF ArF rough middle critical

70 nm i KrF ArFEPL i KrF ArF 100 nm
50 nm i KrF ArFEPL i KrF ArF F, EPL 70 nm

Rough middle critical KrF ArF F, EPLEUV 50 nm

EPL is E-beam projection lithography, EUV denotes extreme UV (Reprinted with per-
mission, Semconductor International, Feb. 2003, p. 53)
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However, for sub-100 nm node technology mix and match technology will be more
viable [36].

4.1.5 Enhancement Techniques for Resolution

4.1.5.1 Antireflective Coating (ARC)

To achieve adequate depth of focus (DOF) at 193 nm, the resist thickness must be
thinner than it is needed for 248 nm. As the resist layer becomes thin, the need for
a reliable method to control reflectivity becomes mandatory. In response to these
needs, thin film coatings known as antireflective coatings (ARCs) have been devel-
oped. Available ARCs include top-layer coating, (TARC) and bottom layer coating
(BARC) materials that are based on organic or inorganic polymers. In general, inor-
ganic BARC materials are CVD based and conformal in nature, but in order to
facilitate dual damascene processing, a material that will offer all the advantages of
an organic spin-on solution with the advantages of an inorganic BARC is greatly
desired [37-39].

Figure 4.18 shows the benefit of optimized resist/ ARC for 100 nm lines. The
figure also illustrates that the change in ARC with optimized formulation can give
higher contrast and finer profile control (as shown in the figure (1 and 2)).

Fig. 4.18 The benefit of | o 000ooo R =
optimized resist/ ARC for _'_o__ ::z
100 nm lines (Reprinted with o8-
permission, Semconductor §
International Feb. 2002, £ o}
p. 68) %

= 5 AR cusalvnq i

ARIS 115
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o

The reflectivity of an ARC material over a substrate can be achieved via two
mechanisms: interference and absorption. The interference method requires strict
control of the film thickness, which is rather difficult to achieve with non-uniform
surface topography. The absorption mechanism, on the other hand, relies on the dis-
sipation of the exposure energy from bottom anti-reflective coating (BARC) to sup-
press reflection. The primary benefits of BARC are focus/exposure latitude improve-
ment, enhanced critical dimension (CD) control, elimination of reflective notching,
and protection of DUV resist from substrate poisoning. The extinction coefficient
of BARC depends on the chromophore load, and the pH value that strongly influ-
ences the bulk film properties, its density, and the wet-etch rate. The etch process
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of BARC film is complex, and the implant energy is difficult to adjust. As a result
BARC cannot be used for implant layers [40].

Figure 4.19 shows a comparison between dry and wet patterning processes using
a back antireflecting coating (BARC). From Fig. 4.19 we can see that the difference
between dry and wet patterning processes is that wet DUV BARC is soluble in aque-
ous based developer, while dry process requires reactive ion etching for opening a
window. The BARC cure temperature controls the solubility of the aqueous devel-
oper of the wet process, which contains polyamic acid. Thus optimization of the
bake latitude is important to attain best resolution. Wet-developable BARCs have
been developed specifically for implant layer applications. However, the implemen-
tation of a wet-developable BARC process requires optimization of layer thickness,
and fine-tuning of the baking temperature.

+__BARC coating & ...___%_ BARCcoating

1 |

i ieslst coating i Resist coating

v Exp and post-exp ¢ bake v Exposure and post-exposure bake
e e eea——

* A base de ‘ Aq base d

"r Reactive ion etch *
- — lon Implantation

4 lon Implantation

Fig. 4.19 Comparison between dry (a) and wet (b) patterning process using BARC (Reprinted
with permission, Brewer Science, Inc. Rolla, MO)

4.1.5.2 Immersion Technique

Enhancement in 193 nm-ArF systems can be done either by an immersion technique
or by phase shift mask (PSM) technology. The immersion technology is based on
changing the medium between the lens and the wafer with a material having refrac-
tive index (RI) higher than air (Rl = 1.0). However, there are number of practical
issues involved in implementing immersion lithography that are still needed to be
addressed. These are (a) resist immersion liquid (IL) interactions, (b) diffusion of
IL, (c) change of resist chemistry, (d) leaching of resist components into the IL,
(e) leaching of photo acid generators (PAGs), (f) base and other additives, and (g)
photo- acids and solvent.

The immersion technology can be performed by submerging the whole chuck,
wafer, and lens in a pool of liquid or limiting the pool size to the top of the chuck,
or dispensing the liquid between the lens and the wafer with a nozzle.
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Figure 4.20 illustrates the puddle approach where the wafer is recessed into the
chuck [41]. Tt is true that immersion technology is not an easy method to implement,
but given the alternatives (e.g. 157 nm with fluorine excimer lasers) with so many
odds it might be worth having immersion technology mixed with a phase shift mask
(PSM).

Servo motor
driven wafer stage

Fig. 4.20 Puddle type immersion lithography (Reprinted with permission, Scotten W. Jones, 2006,
IC Technology Report, IC Knowledge, 2006)

4.1.5.3 Phase Shift Mask (PSM)

Today integrated circuits (ICs) are faster and denser, due to continuous reduction
of feature sizes. The reduction of feature size has been possible because of the new
formulation of resist materials, the exposure system, and the use of advanced opti-
cal enhancement strategies such as phase shift masks (PSMs) [42—43], and optical
proximity correction [44].

The phase shift mask (PSM) has become a mainstream solution for memory and
logic circuits. It enhances the patterned contrast at the edges of small features by
destructive optical interference. With its high numerical aperture (NA) in combi-
nation with off-axis illumination (OAI) PSM technology can provide very low-
resolution factor k. There are three types of PSM: (a) complimentary PSM (CPSM);
(b) double exposure PSM (DEPSM); and (c) single exposure PSM (SEPSM). Both
DEPSM and CPSM use double lenses. In CPSM the primary mask serves as a strong
shifter and the second one serves as a trim function.

Phase shift masks can achieve 1:1100 nm lines with proper control of anti-
reflecting coating (ARC), soft bake temperature, and airborne chemical contami-
nation [45]. The most serious problem with PSM is evident by image placement
error due to coma. However, modified high transmission (~100%) attenuated PSM
(attPSM) has shown promising results with patterning of both poly-gate and contact
mask [46], giving rise to k1 and NA values of 0.2 and >0.7 respectively.

An alternating attenuated mask is fabricated with AIN/CrN multilayers based on
optical superlattices [47-48] which are tunable to 248 nm and 193 nm wavelengths.
Sputter deposited AIN/CrN mutilayers have m-shift and tunable optical transmission
between 5 and 15% at 365, 248 and 193 nm. Figure 4.21 shows the principle of
operation of an alternating phase shift mask. Use of a phase shifting mask enhances
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the fine features of the image by concentrating light diffracted by dense patterns into
the most oblique components within the lens numerical aperture (NA).

Fig. 421 Schematic of the Alternating Phase-Shifting Mask
operation principle of an

alternating phase shift-mask
operation

Field

amplitude \ / \

Fleld

= AR

Figure 4.22 shows a picture of an alternating phase shift mask (ALTPSM), and
Fig. 4.23 shows a scanning electron micrograph of a 70 nm gate patterned with
193 nm resist and alternating phase-shift mask.

Fig. 4.22 An alternating
phase shift mask (Alt-PSM)
(Photo courtesy VEECO,
Instruments Inc. New York)

There is no doubt that there is a growing need in photolithography to achieve
better resolution by using sub-wavelength light sources [13]. But it is also true that
they are inherently slow unless they are implemented with massively parallel rays of
light sources. Nevertheless, contact mode exposure through rapid chromeless phase
shifting masks [42], embedded amplitude masks [43], and elastomeric phase masks
[43] provides powerful patterning capabilities that can be applied to large areas in a
single step for better resolution.

The elastomeric phase mask uses a casting and curing of a prepolymer to
elastomer polydimethylsiloxane (PDMS) against the master. Lithography and
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Fig. 4.23 70 nm gate
patterned with 193 nm resist
and alternating phase-shift
mask (Courtesy of IMEC)

anisotropic etching of thermally grown oxide on a silicon-on-insulator (SOI)
produce the master, consisting of parallel lines and spaces. Many masks can be
made out of PDMS from a single master and can be used effectively as a relatively
weak amplitude mask [45].

4.1.6 157 nm Lithography

The drive for small, fast, and low-power semiconductor devices has been pushing
optical lithography to go beyond limits. As a result, 365 nm-exposure system has
come down to 157 nm exposure. As a matter of fact, the approach to finer resolu-
tion has successfully centered on developing new lithography systems with higher
NA, shorter wavelength exposure, and modified resist chemistry. At 100 nm node,
157 nm lithography needs a NA of 0.63 to produce k; greater than 0.4, whereas
longer wavelengths will require a significantly higher NA to achieve a k; of 0.4.
However, for 65 nm node the k; value will be less than 0.4 when 157 nm lithogra-
phy is used [49]. Thus, in order to fulfill all the requirements of 157 nm lithography,
we need to develop proper photoresist, system purging, pellicles, quality and quan-
tity of CaF, for lens fabrication [50], attenuated PSM material, and blank mask
material [51]. However, the transition to a new wavelength requires an expensive
and lengthy development process, which must be considered when looking at the
accelerated demands of the ITRS Roadmap (Fig. 4.24) [52].

4.1.6.1 Wafer Exposure System

Excimer lasers are considered excellent sources for DUV resist exposure because
of the short wavelength and low-coherence of light. However, as the laser source is



180 4 Pattern Generation

250 1 1 1 1
ITRS roadmap
180
DRAM Half Pitch
E KrF DRMPU Gate Len:
£ 130
~ NS
Q
N
% 100
=]
2 N
o ArF
= 70 \
£ 50
= \
~— _ 4
35 ==
25

929 00 01 02 03 04 05 06 07 08 09
Year

Fig. 4.24 ITRS Roadmap showing the requirements of the lithography system by the end of 2009
(Reprinted with permission ITRS, 1999, SEMATECH, Austin, TX)

moved deep into the UV, use of traditional lenses, pellicles, mask and photoresists
is becoming problematic.

The wafer exposure system for 157 nm is still in its development stage though
several microsteppers have been built with hyper-NA and a field size of ~2 mm.
The optical system is catadioptric, which includes partial reflectors, and refractive
elements [53]. Figure 4.25 shows schematic of hyper-NA lens systems based on
catadioptric design.

A full wafer exposure system for 157 requires several critical components, such
as: lasers with appropriate pulse repetition rate, bandwidth, and power, several sup-
porting materials, e.g. transparent damage resistant pellicle [54], photo-mask, and
resist material. The trifluoromethacrylate resist material, which has been developed
for 157 nm exposure, has a very low absorbency and it needs a more transparent
resist material [55-56] and an F, laser system (with a standard broadband 600-Hz
and 10 W power).

4.1.6.2 Optical System for 157 nm Resist

Figure 4.26 illustrates the experimental set up for a 157 nm-exposure system with
four CaF, lenses each measuring 2 x 4 cm? in cross-section and 8 cm in length
and are mounted on a sample holder inside a vacuum chamber which can be purged



4.1 Photolithography 181

Fig. 4.25 Catadioptric optics
with hyper-lens system
(Reprinted with permission
Semiconductor International
Feb. 2005, p. 53, courtesy
Nikon)

Fig. 4.26 An experimental set up for 157 nm-exposure system (Reprinted with permission, Semi-
conductor International. Feb. 2002, p. 57)

with Ny before operation. Two 2 kHz F, lasers provide pulses that are timed to fire
alternately at an interval of 250 ps.

A CaF; lens when combined with a second lens with all-refractive materials
like barium fluoride (BaF,), strontium fluoride (SrF,), and lithium fluoride (LiF)
can accommodate a larger 157 nm laser line-width. An all-refractive system uses
193 and 248 nm lithography and has the advantage that it utilizes the infrastructure
already in place for the exposure tool [13].
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Recently, a microstepper for a 157 nm resist system has become available with
dual wavelength output (at 157.523 and 175.629 nm) that emits more than 10 W
at 1 kHZ repetition rate from a F; laser. The beam delivery system of the F, laser
has a CaF, lens combined with mirrors and a discretely variable attenuator. The
projection lens is a 0.85 NA catadioptric objective chromatically corrected over the
full emission spectrum of the F, laser.

Figure 4.27 shows the imaging of 80-100 nm lines/spaces with 1:3 aspect ratio
fabricated with 157 nm-resist system. The results at the preliminary stages are
encouraging, in spite of the problems with the CaF, lens system, like its intrin-
sic birefringence [57], which causes significant wave-front aberration. However, it
is expected that the effects due to birefringence can be eliminated by using pairs
of CaF, lenses cut along the (111) direction with transverse axes rotated by 60°
[58-59].

Fig. 4.27 The imaging of 80-100 nm lines/spaces with 1:3 aspect ratio, fabricated with a 157 nm
resist system (Reprinted with permission, Semiconductor International, Feb. 2002, p. 70)

4.1.6.3 Reticle and Mask Systems for 157 nm Resist

The pattern tools utilized in VLSI fabrication are known as reticles and masks. In
the case of a reticle a pattern image is stepped and repeated in order to expose the
entire substrate, whereas in the case of a mask, the pattern is simply transferred
from the mask to the substrate. Reticles are to undergo a sequence of dry and wet
processing steps during deposition and patterning absorber layers.

The use of low-OH content fused silica incorporated with fluorine has shown
better transmission (~82%) with 157 nm wavelength [60]. An ideal photo-mask for
157 nm lithography should show an attenuation coefficient of 0.02/cm, and a loss
for each surface of 0.002, with base 10 [61].

The glass plates when coated with chromium oxide (Cr,O3) (150-200 pwm), its
nitride, or combination of both (80 nm thick), do not show promising result at
157 nm. However, experimental observations show that absorption in Cr, CrO, and
CrN film stacks can be optimized by adjusting the components of the film [62—63].
But the most challenging task for 157 nm lithography is the phase shifting mask
materials [64]. Some commercial photomasks for 157 nm lithography show some
encouraging results with chromium film and poly-t-butoxycarbonyloxystyrene
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(PBS) photoresist [65]. In recent years efforts have been made to fabricate DUV
workable photo-masks without using a micro-ionic laser system. [66—68].

4.1.6.4 Pellicles

The pellicle is defined as a thin transparent (to the wavelength it is exposed) mem-
brane which acts as a tuned etalon [69]. One of the properties of a pellicle is that
it should transmit more than 98% of the incident light. Besides transparency, the
pellicle film should show radiation tolerance, and good adherence to the substrate.
The thickness of the pellicle should not go beyond 0.8 um, because thicker polymer
film becomes too fragile across a 5 in® pellicle frame [70]. Figure 4.28 shows the
cross-section of a pellicle.

AR Coating
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o T = -Glue

“AR Coating -
Frame — 1L o
Mounting “Liguid Coating Fitter
Adhesive

i —Release
EaCkSIde I [ _|’ i
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Fig. 4.28 The cross-section of a pellicle (Courtesy, Micro-lithography, Inc.)

Spin coating has been found to be the most suitable process so far for pellicle
film deposition. Transmission within the film depends on the film thickness, type of
anti-reflecting coating, the wafer absorption and the wavelength of light used. The
frame used to mount and support the film should be mechanically rigid, flat, stable
and should not introduce any optical interference. There are two different types of
mounting adhesive that have been used — a carrier and a non-carrier adhesive.

Amorphous polymers such as [(CH, CHF), C(CF3),CH;], — or — (CH2CF,),
[2, 2-bis (trifluoromethyl)-4,5-difluoro-1, 3-dioxole],— with chains that alternate flu-
orocarbon segments with either oxygen or hydrocarbon can be used for 157 nm pel-
licle material. Besides, a well polished fused silica with proper antireflective coating
(ARC) may serve as well as an alternative to an organic pellicle.

4.1.7 Chemically Amplified Resist (CA)

Conventional positive resist can be used in the mid-UV range by changing the
photo-active chemical (PAC), but with deep UV, no such easy solution exists. How-
ever, there is a negative DUV resist commercially available with the trade name
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Fig. 4.29 Comparison of the DNQ-novolak resin based i-line resists and chemically amplified
resist (Reprinted with permission IBM Research)

of ODUR-110-WR [71-72]. There is another resist material developed for deep
UV lithography which is known as chemically amplified (CA) resist (Fig. 4.29).
The resist is in many ways superior to alternate (UV) materials [73] for their high
sensitivity and chemical etch resistance. Modern chemically amplified resists are
synthesized with a base resin, a photo-acid generator (PAG), a base, a casting sol-
vent, and dissolution inhibitors. Positive resists have protecting pendent groups that
are cleaved off the base resin during a post-exposure. Negative resists, on the other
hand, have a linker (or cross-linker) component, which attaches itself to the base
resin with one or more of its multiple branches. For CA resist the post-exposure
baking (PEB) temperature is very critical (typically 90-140 C for 1-2 min) for the
overall imaging quality.

Besides CA resists, two other resists from fluoropolymers and polysiloxanes
groups are identified to be potential candidates for 157 nm-exposure systems [55].
These polymers are amorphous, having glass transition temperature (7) ~150 °C,
and have shown desirable etch resistance and transparency that are better than nor-
borene homopolymer [74]. Recently, a new formulation of 157 nm resist has been
reported by Feiring and his co-workers [75], which is a t-BuAc in TFE/norbonene
polymer in hexafluoroisopropanol. The resist is highly transparent and shows a glass
transition temperature (7) in the range of 140-150 °C and having weight average
molecular weight of around 10,000 [76].

Figure 4.29 compares the resist chemistries and the process flow of the i-line and
CA resist systems. From the figure it is clear that while the i-line resist is rendered
soluble in aqueous base, a CA resist requires a post exposure-heating step to be ren-
dered soluble. It has been observed that thermal variation during resist processing is
one of the many sources that contributes to the total critical dimension (CD) control
of the CA resist (Fig. 4.30).
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4.1.8 Extreme Ultraviolet (EUV) Lithography

The proposition of extreme ultraviolet lithography (EUVL) as a promising litho-
graphic tool dates back to 1984 [77], 1988 [78], and 1989 [79], while the concept of
multilayer reflective mirrors has been known for several decades. However, signifi-
cant research has been focused on EUVL as the feature size of the integrated circuit
has come down to the nano-scale [80].

Extreme ultraviolet lithography (EUVL) is a projection lithography that uses a
radiation system in the soft X-ray regime (13.5 nm) and a reduction optical system
(4x). As a matter of fact, EUVL is an extension to optical lithography (OL) with the
use of shorter wavelengths instead of increasing NA. Significant progress has been
made on EUV radiation sources starting from gas discharge-based EUV sources to
laser induced hot plasma sources (laser produced or discharge plasma) of ionized
xenon (Xe) gas or lithium (Li) vapor (Fig. 4.31).

The projection optics use mirrors with multilayer coatings of molybdenum
(Mo)/beryllium (Be), which reflect wavelengths between 11.2—12 nm, or molybde-
num/silicon (Si), which reflects between 12.8—14 nm, and have demonstrated ~70%
peak reflectivity [8§1-83].

A schematic of the EUVL multilayer multi-mirror system, shown in Fig. 4.32(a),
and (b), shows the concept of band selection in the multilayer mirror with a back-
ground cut-off filter and a junction diode detector. The main components of the
EUVL system are a soft X-ray source, a condenser optics, a reflective mask,
four high precision multilayer surfaces, and a wafer coated with resist. However,
illumination at EUV wavelengths can be produced by a variety of sources including
a laser produced plasma, synchrotron radiation, gas discharge, discharge pumped
X-ray lasers and electron beam driven radiation devices [84-85]. Lately, a gas
discharge-based EUV source operated in the back-lighted thyratron (BLT) mode
is reported to be simple, compact, and less expensive compared to synchrotron and
laser induced plasma sources (Fig. 4.33) [86].
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Fig. 4.31 Schematic of plasma sources used to perform EUV lithography (Photo courtesy, Prof.
F. Bijkerk, FOM Institute, for Plasma Physics, Rijnhuizen)
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Fig. 4.32 (a) An artist’s rendition of the proposed EUVL system (Reprinted with permission,
Solid State Technology. July, 1997) and (b) concept of band selection by a multilayer mirror with
a background cut-off filter and a junction diode detector (Photo courtesy, Prof. F. Bijkerk, FOM
Institute, for Plasma Physics, Rijnhuizen)
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Fig. 4.33 The schematic and associated electronics of a BLT mode EUV light source (Reprinted
with permission, J. Vac. Sci. Technol, AIP, [86])

Figure 4.33 shows the schematic and associated electronics of a BLT mode EUV
system. A quartz window at the end of the hollow cathode allows UV light from
a low-voltage xenon flash lamp to enter inside the hollow chambers. Two parallel
capacitor rings are arranged symmetrically around the cathode with a series load
resistor. The flash lamp optically triggers the pseudo-spark plasma for the EUV
generation.

The EUV system with all reflective optical system is capable of printing 50 nm
lines when the exposure wavelength is 15 nm with DOF above 400 nm and NA 0.2
(Fig. 4.34).

Figure 4.35 shows the set up of a commercial-EUV lithography system with
optics and necessary attachments. A strong emission is generated from highly
ionized xenon (Xe) plasma gas under ultra-high-vacuum and low-pressure con-
ditions. The projection optics have mirrors with multilayer coatings of molybde-
num/beryllium (Mo/Be) [87]. The key requirement in EUVL is the fabrication of
masks with no defect [88].

In the year 2002, ISMT, Austin, TX, and the Extreme Ultraviolet Lithography
System Development Association (EUVA) started a four-year project to develop a
beta tool. Table 4.3 presents some of the specifications of the beta tool.

In 2004, the basic setup of the discharge plasma source for EUV lithography was
upgraded to allow higher repetition rates up to 2 kHz, including modifications in
the source and its performance. Figure 4.36 shows an overview of the experimental
setup for EUV lithography. The EUV imaging tube is mounted at 40°.
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Fig. 4.34 Picture of 50 nm
wide printed lines in
photoresit by using EUV
lithography (Photo courtesy
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Fig. 4.35 The set up of an
EUV exposure system
(Reprinted with permission
Semiconductor International.
Feb. 2000, p. 82)
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Table 4.3 EUV specifications for beta tool

Specifications Beta tool Production tool
NA >0.20 >0.25
Sigma <038 0.2-0.8
Magnification 4x 4x
Field size 22 x 26 22 x 26
Light source LPP or DPP LPP or DPP
Exposure wavelength (nm) 135 13.5
Output power (W) >4 50-150 ?
‘Wafer size (mm) 300 300
Throughput (wph @ 50 W) 7 50
CD uniformity <4 <4

<11 <11

Reprinted with permission ITRS, SEMATECH, Austin, TX.
Source: EUVA.

Fig. 4.36 Overview of the
experimental setup showing
the control unit and part of
the power supply for EUV
lithography (Photo courtesy
International SEMATECH,
Austin, TX)

4.1.9 e-Beam Lithography (EBL)

Electron beam lithography (EBL) is a process of forming circuit patterns by using
a focused electron (e) beam. The special feature of the technology is that the
e-beam can be scanned and accurately positioned on the substrate. It has the ability
to produce higher resolution (50 nm versus 20 nm) than optical lithography (OPL)
because resolution is not diffraction limited as is found in OPL systems. However,
in e-beam system resolution is limited by the electrons’ forward and back scattering



190 4 Pattern Generation

Forward
Scattering

Bickocamrtng\’ H ‘/
Backward *__~ /1%
Scattering g
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Fig. 4.38 Monte Carlo simulation for scattering in e-beam resist (Courtesy, ECE Department,
Carnegie Melon University)

from the substrate (Fig. 4.37). In addition to that, image resolution is affected by
resist swelling (negative resist) and the process is extremely slow when compared
to optical projection and a step and repeat system.
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Figure 4.38 shows the results of a Monte Carlo simulation of 100 electrons from
10, 20, and 50 keV point sources projected on the X-Z plane.

Figure 4.39 shows a schematic of an electron beam system. There are five main
sub-systems: (a) electron source and the electrostatic gun lens; (b) gun alignment
coils; (c) magnetic lens, blanking cell and aperture; (d) deflectors; and (e) focusing
lens on the top of the wafer handling system. There are two types of electron sources

Emitter \
C1 - electrostatic SUPTGSSO"

gun lens Extractor l I
Jl e
Focus /'

Anode s ‘_

Gun alignmapt Tilt E E

coils
Shift

C2 - magnetic lens

Blanking cell
Blanking aperture

Spray aperture

Upper main deflector
Sublfield deflector
Lower main defiector

Fast focus & stigmation

C3 - magnetic lens
Substrate/

Fig. 4.39 Schematic of an electron beam machine (Courtesy, ECE Department, Carnegie Mellon
University)




192 4 Pattern Generation

commonly used in e-beam systems: (a) thermoionic source and (b) field emission
source. For thermoionic sources, tungsten (W) and lanthanum hexaboride (LaBg)
are frequently used. The W source provides a stable current and exhibits excellent
tolerance to vacuum conditions and has been widely used.

In field emission sources, electrons are collected from the emitter by a high elec-
tric field, which forms a fine Gaussian spot. In order to write over the entire wafer,
either a laser interferometer controlled stage is used or the pattern is written on the
fly. Two alternate types of e-beams are used for EBL: (a) Gaussian shaped round
beam; and (b) the variable shaped beam [8§9-90].

Figure 4.40 shows a three-dimensional picture of an ultra-high-resolution elec-
tron beam lithography system and metrology tool. The tool is claimed to write
<20 nm wide lines on a 200 mm wafer.

Fig. 4.40 Three-dimensional picture of a EBL system (Photo courtesy, Raith, USA)

4.1.10 Electron-Beam Resist

Resists for optical lithography are designed for specific molecular excitations tuned
to the wavelength used. In the case of e-beam resists high-energy electrons randomly
ionize all elements in a resist according to atomic cross-sections and concentrations
of each element. Generally, polymethylmethacrylate (PMMA) is used for e-beam
lithography and Poly (1-butane sulfone), known as PBS, is used to produce pho-
tomasks [91]. However, as the feature size has come down to nano-scale PBS type
resist can no longer meet the requirements of sub-micron lithography. However, the
etch resistance of these materials has been improved by introducing sulfone/novolak
resins. Recently there has been significant interest in the use of chemically ampli-
fied resist (CAR) for e-beam writing and mask making. Most recently, a low acti-
vation energy CAR based on poly (hydroxstyrene) has been developed. It has been
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Fig. 4.41 Nano-structures obtained by patterning CAR by using e-beam lithography (Reprinted
with permission of MRS, MRS-Symp. Vol. 705, 2002, photo courtesy, Dr. L.E. Ocola, Agere
systems)

reported that the modified resist exhibits superior lithography performance and has
a high level of processing robustness [91].

Figure 4.41 shows nanostructures created by e-beam (at 100 KV) lithography
using chemically amplified resist (CAR).

At the beginning of 1990 some industrial research organizations developed scat-
tering with angular limitation projection electron beam lithography (SCALPEL),
projection reduction exposure with variable axis immersion lens (PREVAIL)
(Fig. 4.42), and a different kind of concept for a reduction projection e-beam expo-
sure.

The SCALPEL is the first to implement sequential illumination of the mask in an
e-beam reduction projection system by mechanically scanning a reticle and wafer
at a 4:1 speed ratio underneath a stationary beam. PREVAIL, on the other hand,
combines electronic beam scanning with continuous stage motion [92] to overcome
field-limiting off-axis aberration through the use of an innovative curvilinear vari-
able axis electron lens (CVAL) (Fig. 4.43). The curve beam path is referred to as the
curvilinear variable axis (CVA) and the corresponding lens as CVAL, representing
a significant extension of the VAL concept.
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Fig. 4.42 A picture of
PREVAIL (Reprinted with
permission, IBM Research)

Fig. 4.43 Curvilinear
variable axis lenses (CVAL)
(Reprinted with permission
from Solid State Technology,
May 200, p. 118)
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4.1.11 e-Beam Reticle

The reticle used for e-beam lithography is a 2 pm thick patterned silicon. The reticle
may be either a scattering stencil or a scattering membrane (SCALPEL type) type
stencil (Fig. 4.44) supported by a minor strut structure.

/ Scatterer
Membrane

Scatterer

Fig. 4.44 The schematic of a reticle: (a) scattering stencil type and (b) scattering membrane type
for the e-beam stepper (Reprinted with permission from SST, May 2000, p. 121)

There are several important issues regarding the use of the reticle such as image
placement, CD control, reticle flatness, in sifu cleaning and distortion of the mem-
brane due to thermal loading.

Figure 4.45 shows the e-beam writing strategy. Each time the 1 mm? e-beam is
exposed to a reticle sub-field. The movement of the stages deflected the e-beam to
the next sub-field and the projection optics help to place the image properly on the
wafer.

4.1.12 Step and Flash Imprint Lithography (SFIL)

The real question for the semiconductor industry is whether any sub-micron lithog-
raphy can be applied to imprint directly on dielectric material for dual dama-
scene processing and can its benefit be comparable to EUV or e-beam lithography?
As a matter of fact, recently, a promising new technology called Step and Flash
Imprint lithography (SFIL) has shown enough capability of fulfilling the above
requirements.

In the standard SFIL process the imprinted mold consists of etched 100 nm struc-
tures on a 25 mm square mesa created on a 65 nm square quartz substrate. The
mold is prepared from a transparent template processed by photo-polymerization of
an organo-silicon material. SFIL-processing is very promising and cost effective.
The method simplifies the creation of interconnect structures for the BEOL process
although some technical challenges still need to be addressed in terms of defectivity,
alignment, and overlay registration [93]. Figure 4.46 shows a schematic of a typical
SFIL process.

As a test of the effectiveness of the SFIL process, imprinted wafers were devel-
oped at the advanced Technology Development Facility; SEMATECH, Austin, TX
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Fig. 4.45 The e-beam stepper writing strategy (Reprinted with permission from Solid State Tech-
nology. May 2000, p. 120)
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Fig. 4.46 The basic principle of the SFIL process (Reprinted with permission Semiconductor
International, photo courtesy Prof. G. Willson, University, Texas, Austin)
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Fig. 4.47 Scanning electron
micrographs that illustrates
the potential of the SIFL
technology (Reprinted with
permission Semiconductor
International, August 2006,
photo courtesy, Prof.

G. Willson University of
Texas, and Dr. J. Wetzel,
SEMATECH’s ATDF).
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and the scanning electron micrographs (SEM) of the imprinted wafers are shown in
Fig. 4.47.

4.2 Etching and Cleaning of Damascene Structures

4.2.1 Etching

4.2.1.1 Advanced Process Technology

The etching procedure in dual damascene architecture is a complex process espe-
cially for the dielectric components. The dielectric-etch approach is the most widely
used process practiced before copper filling inside the etched structures. Intercon-
necting metal lines are embedded within the dielectric layer by sequential creation of
via holes and trenches. Etching of trenches and via holes in the dielectrics and filling
them with copper for interconnecting lines avoids difficulties associated with copper
etching. However, the process is complex and difficult though progressive research
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and practice have brought hope and success. Smaller device geometry, exotic mate-
rials, and larger wafer sizes are making the etching and wafer handling machines
complicated. It has been reported (wafer processing report, Semiconductor Interna-
tional March 23, 2007) that some commercial etching units have been designed to
meet the rigorous challenges facing etching for 32 nm node devices. Figure 4.48
shows an etching tool, which is reported to offer solutions with a wide operating
window for an optimum processing environment.

Fig. 4.48 The inside of an
etching process chamber
(Reprinted with permission,
Semiconductor International,
June 2004, p. 43, photo
courtesy, Applied Materials)

Dielectric etch in the Cu-damascene (single damascene (SD) or dual damascene
(DD)) process is the most complex operation of the copper interconnect manufactur-
ing sequence. A wide variety of applications (e.g. DRAM, ASIC, MPU, and SOC)
involve the damascene sequence. Etching the via holes and trenches in the dielectric
materials avoids difficulties associated with etching copper, instead filling the etched
features with copper through a sequence of processes known as metallization.

The process sequence can be repeated as many times as necessary depending
upon the number of metal layers needed to create the specific device. The pro-
gressive miniaturization of the devices (130 nm node to 32 nm node and beyond)
has brought with it a succession of technological complexities. The variety of film
stacks is, in turn, giving rise to different SD or DD etch approaches, e.g. (i) organic,
(ii) inorganic sacrificial layer, (iii) multilayer resists, and (iv) metal hard masks
(adopted from Applied Materials). Depending on the approach adopted, several
challenges arising at progressively smaller feature scales have been dealt with to a
greater or lesser degree. Notable among these are maintaining resist integrity, ensur-
ing damage free processing, especially of low-K dielectrics, delivering consistent
results over extended runs and productivity.
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(i) Organic sacrificial is a dual layer BARC process and is used for 130 nm-
lithography process. The method is very straightforward and inexpensive. The
incoming wafer is patterned for via etch by removing photoresist and the underlying
BARC layer. The layer requires a dual layer back anti-reflecting coating (BARC).
The first new layer of BARC is deposited and then removed, leaving the vias par-
tially filled. Following this, a second layer of BARC is deposited and patterned for
trench-etch. During trench etching via fill provided by the first BARC protects the
sidewalls. The wafer is ashed again after etching of the trench and finally, the barrier
layer (which was partially opened during the initial via etch) is completely opened to
the copper-filled trench below (Fig. 4.49b). Figure 4.49 (a) shows the etched barrier
layer and (b) shows copper filled trench.

Fig. 4.49 (a) Left: Open barrier layer (shown by arrow) through trench and via and (b) Right:
Cu-metallization

(ii) The inorganic sacrificial approach is very similar to the organic sacrificial
method except, that it generally involves only one inorganic sacrificial layer. The
incoming wafer is patterned for via etch, which is followed by ashing to remove the
photoresist and its underlying BARC layer. The ionorganic sacrificial layer is then
deposited and patterned for trench etch. Some of the sacrificial layer remains in the
bottom of the via following the trench etch and is then removed with a wet clean
before the barrier layer (which was partially opened during the initial via etch) is
completely opened to the copper filled trench below.

(iii) A multilayer resist scheme is used to minimize etch-induced photoresist
damage. In this method, the via patterned wafer is etched and ashed to remove the
photoresist and its underlying layer of BARC. The layer of BARC is deposited and
overlain with successive layers of hard mask and another layer of BARC. A hard
mask open etch opens the top of the BARC and hard mask layers, after which the
lower BARC is opened and the trench is etched, leaving a partial BARC fill in the
via. The remaining BARC and via fill are removed in the subsequent ashing step.
The layer is completely opened to the copper filled trench below.

(iv) The metal hard mask (shown in Fig. 4.50) method is considered to be the
best among all the methods described so far especially when the work involves
low-K porous dielectric materials. The method also offers protection against resist
poisoning but it involves additional metal deposition and complexity of the work
involved during deposition. In this film stack, the BARC and the photoresist layers
are underlain by a metal layer. The film is hard masked to open the trench through
this metal. After this the wafer is exposed to the remaining metal. The next step is
to deposit BARC and to pattern for via etch. This protects the trench while the via



200 4 Pattern Generation

width is etched to partially open the barrier layer and the wafer is ashed. BARC is
deposited for the second time and patterned for completing the trench etch. During
ashing step, the remaining BARC at the bottom of the via hole is finally removed
and the trench is filled with copper.

Fig. 4.50 The barrier is open through a metal hard mask (shown by arrow)

The development of Cu-damascene technology in the production of compli-
mentary metal oxide semiconductor (CMOS) and dynamic read access memory
(DRAM) devices [93-94] has decreased the front end of line (FEOL) (processing
that takes place up to and possibly including junction metallization) versus back end
of line (BEOL) (processing that creates the metallization and back end of the line)
process step ratio [95]. To reduce costs and increase device performance, during
implementation of the Cu interconnect with low-K in dual damascene (DD) pro-
cesses, the industry has focused more of its resources on BEOL. As a matter of fact,
fundamental innovations must address the various sources of leakage, particularly
the gate, the sub-threshold, and the junction. It seems that among all the mecha-
nisms, sub-threshold leakage is perhaps the most difficult to reduce and suppress.

In order to reduce the gate leakage, the industry has addressed the issue by
employing high-K dielectric/metal gate electrode technology by replacing tradi-
tional get oxide/doped poly-silicon (Poly-Si). Indeed, metal gate electrodes have
addressed the issue of poly-depletion, boron penetration, and Fermi level pinning
effects at the high-K/poly Si interface. Initially it was thought that the introduction
of high-K will require a move from poly-Si to a metal gate, but now it seems that a
silicide metal (doped with nickel) gate might be an alternative for the future. How-
ever, it is felt that the ultimate solution lies in the structure of a dual-metal gate
electrode with different work functions for p and n MOS transistors combined with
a high-K dielectric.

Figure 4.51 shows the complicated architecture of a 130 nm node CMOS device.
It goes without saying that as the device size shrinks, the processing of the devices
becomes more and more complicated [96-97].

There is no doubt that the dielectric-etch process needs different procedures for
FEOL and BEOL and each process has different requirements. For example, high-K
and metal gates actually play the main role in FEOL, while BEOL has become a
major issue in dealing with low-K dielectric materials.
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Fig. 4.51 The cross-section
of a 130 nm- process
structure (Reprinted with
permission, ITRS 1999,
SEMATECH, Austin, TX)

4.2.1.2 Process Chemistry of Etching

During dual damascene processing, three classes of materials are mainly used.
These are metals including transition metals and their compounds for the barrier,
and inorganic, organic and hybrid dielectric materials. When the dielectric is an
oxide of silicon, the anisotropic profile is controlled first without etching too much
of the side wall. As a matter of fact, the silicon of silicon dioxide controls the free
fluorine to carbon ratio, which balances the amount of vertical etch, while control-
ling the amount of side wall passivation. To etch an organic low-K dielectric the
etch technology uses a thin layer of inorganic material. However, etching process
will be different when the material is neither organic nor inorganic but a hybrid, like
organosilicate glass (OSG). These materials contain excess amounts of carbon, and
significantly impact etch selectivity to photoresist.

Etch rate of porous dielectric is higher than the dense oxide (fluorosilicate glass,
FSG) dielectric. As a result, when both of them exist in a stack, patterning time
adjustment becomes very difficult because in the difference of etch rate which boosts
etch selectivity. Porous oxide alone is etched by using a thin layer of photoresist.
Thus when materials to be etched are varied compositionally, and any one of them
begins resembling either photoresist or one of the etch-mask materials, the config-
urations of the etching mask pattern will be different. Figure 4.52 shows different
etch mask stack configurations during dielectric etch of the dual damascene process.

Low-K Dielectric Materials

Modern high-speed devices are fabricated with Cu as interconnecting metal over
a barrier layer coupled with low-K dielectric material, either inorganic, organic
(porous/non-porous), or hybrid. Table 4.4 shows some of the dielectric materials
that are frequently used in Cu-damascene process architecture.



202 4 Pattern Generation

Self-aligned Via first Trench first Top hard mask

] D -
sl

Fig. 4.52 Different etch mask stack configurations during dielectric etch of dual damascene pro-
cess (Reprinted with permission, Semiconductor International, June 2004, p. 44, Courtesy ITRS
2003)

Table 4.4 Low-K dielectric materials that are used for the copper damascene process

Inorganic Organic Hybrid

SiO; Parylene —-N Bezocyclobutane (BCB)
SiO(2-x) Fy Parylene-F Methyl silsesquioxane (MSQ)
Hydrogen silsesquioxane (HSQ) Polyarylene ether (PAE-2) Porous MSQ

Porous HSQ Polytetrafluoroethylene (PTFE) Organosilicate glass (OSG)
Xerogels SiLk/Porous SiLK

Fluorocarbon Fluorinated polyimide (FPI)

Resist mask FLARE/ Porous FLARE

Organic polymers require an oxidative reductive chemistry that should not react
with copper (Cu). Organosilicate materials, on the other hand, require a more phys-
ical component and process technology where the barrier layer serves as the sub-
strate. The oxygen etching chemistry for hybrid dielectric materials that contain a
silicon group as an inorganic and a hydrocarbon as an organic group (as in BCB)
produces a SiO like passivation layer which leads to low etching rates and surface
roughness. Thus the oxidized passivation layer formed during O, etching should be
removed and/or cleaned by argon (Ar) sputtering. It is also customary to clean the
metal lines and the connecting studs following dielectric etch to minimize contact
resistance.

Fluorocarbon removal from the metal surface is performed inside a plasma etch-
ing reactor employing O; following the etch process. During O, plasma exposure,
the fluorocarbon layer produces a thick oxide layer over Cu, which is subsequently
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removed by Ar" sputtering. However, if the etching layer stack contains MSQ, O3
exposure may lead to the loss of carbon from the MSQ surface and formation of
a SiO like passivation layer [98]. Chou et al. have reported that the formation of
the strained oxide layer during exposure to O, plasma on the top of polysiloxane
fill can reduce the etch rate [99]. Plasma etching with O, chemistry provides high
reflectivities between Si-containing and non-Si-containing resist but at the cost of
considerable lateral etching and poor critical dimension (CD) control [100]. Eon
et al. have reported an improvement of selectivity of etching of MSQ non-porous
and porous films in C;Fg plasma with Oy, Ar+ and H,. However, they found that
best selectivity can be achieved with a CoFg/Hs (10-20%) mixture [101].

Hydrogen doped oxides (e.g. HSQ) are etched using an oxide etch base line
process. However, higher level of ‘H’ doping deaccelerates etching rate that result
tapered profile. However, adding a low percentage of oxygen into the system can
minimize the effect [102-103].

For etching porous and non-porous SiO3, inductively coupled plasma system
[104-105] with CHF3 plasma is very effective when the substrate is biased with rf
voltage (Fig. 4.53). The etch rate is higher with higher bias and porous SiO; shows
a higher etching rate than non-porous SiO» film due to the lower mass density.
Table 4.5 shows the etching rate and selectivity of different dielectric materials.

Fig. 4.53 Trenches and via holes etched in 30% porous xerogel films using CHF3 discharge main-
tained at 1400 W source power and 10 mtorr pressure (Courtesy SST, May 2000, p. 128)

When the feature size of the device is small and the aspect ratio of the via hole or
trenches is high, conventional ion etching can cause significant problems with etch
profiles such as faceting, fencing and trenching (Fig. 4.54) [106-107]. However,
with a special type of inductively coupled plasma (ICP) etching system, some of the
problems can be minimized [108].

Table 4.6 shows some of the gases that are very frequently used to dry etch some
of the materials used in integrated circuits (ICs). The advantage of an ICP system
is that it offers a means of controlling independently the plasma density and the
accelerating voltage on the lower electrode. As a result, the system can provide
improved etch rate, higher selectivity, and lower damage to the etched surface. Fig-
ures 4.55 and 4.56 show some commercial plasma etching systems, e.g. reactive ion
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Table 4.5 Etch rate of different materials achieved using ICP technology

Materials Etch rate (A/min) Selectivity
Polyimide >1000 >15:1 to SiN,
Depassivation (SiNy) ~1000 ~1.5:1 to TEOS
SiC Upto 1370 ~1.4:1 TEOS
~0.7:1 to low-K
SiOx (ILD) (BPSG, TEOS) Upto 1000 ~0.5:1 to low-K
~0.7:1 SiC
SiNx ILD Upto 4000 ~4:1 SiOy
SiOCH:H low-K Upto 1800 ~2:1 to TEOS

Adopted from Oxford Instrum. Plasma Tech. (July, 2004).

si0,

Fig. 4.54 Formation of (a) facet (top left), (b) fence (top right), and (c) trench (bottom right)
(Reprinted with permission, Semiconductor International, May 2002, p. 58)

Table 4.6 Etching gases used to dry-etch different materials in semiconductor device processing

Material Gases

Silicon (Si) including Poly CF4, CF4/0,, CF5Cl, SFe/Cl,Cl+H;

Silicon dioxide (SiO3) CF4/0,, CIF3, CCl3Fs, SF4//0,,
Silicon nitride (Si3Ny) C,Fs, CF4/0,, CF4/H,, C3Fg
Tungsten (W), WSi, Mo (moly) CF4, CF4/O2, C,Fs, SFg
Tantalum silicide (TaSi) CF4/Cl, CF4/0,, CF3Cl, SF¢/Cl,,

etching (RIE), plasma enhanced (PE) etching, and inductively coupled plasma (ICP)
etching.

Atomic oxygen is believed to be a primary neutral active species involved in
spontaneous etching of polymers that causes undercut profiles [109]. Experimental
data show that anisotropy with O, plasma can be attained at —100 °C [110]. On the
other hand, during plasma etching, striation formation on the resist wall can lead
to degradation of contact hole resolution. At the same time ion-bombardment will
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Fig. 4.55 Two types (RIE and PE) of plasma etching systems (Reprinted with permission, Oxford
Instruments)

ICP

1a 5oz O—

Fig. 4.56 An ICP system (Reprinted with permission, Oxford Instruments)

increase the surface temperature of the polymer and will result graphitization [111-
112]. However, the addition of gases like CoHy4, SO> and O, has been reported to
reduce the micro-roughening and to achieve better anisotropy profiles [113].
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For patterning of sub-100 nm features, a clear understanding of the origin and
control of line-edge roughness (LER) is extremely desirable, both from a fundamen-
tal as well as a manufacturing prospective. Side wall roughness transfer is observed
during antireflective coating/hard mask (ARC/HM) open and subsequent oxide etch.
This is true for 248 and 193 nm systems with a wide variety of organic ARCs, hard
masks, Si-containing ARCs and bi-layers. Oxidation or carbonization of a polymer
during micro-masking is believed to be the cause of side wall roughening. This has
been noticed during etching of low-K and porous low-K (e.g. OSG and MSQ) dielec-
tric films containing fluorocarbon. Micro-masking occurs under certain conditions
when regions of localized net polymerization form on the surface of the etched film
[114]. Experimental observations show that an inductively coupled plasma (ICP)
beam with independent control of the ion bombardment energy, incident angle, and
proper plasma chemistry can reduce the side wall roughening during etching.

The effects of different etch chemistries on damage of the low-K porous dielectric
layers (with same hard mask) are shown in Fig. 4.57. Adding an ash to the above
process shows further deterioration of the structure, which is shown in Fig. 4.58. The
scanning electron micrograph in Fig. 4.58 shows pre-ash and post-ash conditions of
the sub-micron structure.
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Fig. 4.57 Different under-cut ratios with different etch chemistries and with the same hard mask:
(a) has an under-cut ratio of 5.8:1 with more damage than (b), which has an under-cut ratio of 8.1:1
(Reprinted with permission Semiconductor International June 2005, p. 64)

The low-K dielectric material is a significant issue in the back-end-of-line
(BEOL) process. The biggest challenge is to identify an ideal chemistry that is com-
patible with low-K dielectric materials. However, damage during plasma etching of
low-K can be minimized by not exposing low-K to high-temperature plasma when
using hard masks, during conventional stripping and wet cleaning.

There is no doubt that these adverse effects affect the intra-line capacitance, as
described by K.fr (effective capacitance value). For example, the Kefr could be low-
ered if the etch-stop layers are eliminated [114].

Polysilicon has almost reached its scaling limit as a gate electrode material.
Therefore, at 100 nm-node technology metal tungsten (W) or its nitride on poly
is used. Tungsten is typically etched with fluorine chemistries, which can also be
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Fig. 4.58 Ashing in CF4/Oy/Ar. Left hand side SEM shows pre-ash and right hand side SEM
shows post-ash (Reprinted with permission Semiconductor International, June 2005, p. 64)

used to etch the dielectric and the substrate. A likely solution will be a mixture of
fluorine together with chlorine and hydrogen bromide in well controlled strategies
[115]. The etching is much more challenging when the etching process involves dis-
similar metals like tantalum (Ta), zirconium (Zr), hafnium (Hf), and titanium (Ti)
[116].

In the damascene process flow the two most important approaches of etching of
trench and via hole are resist masking and the use of an etch stop layer (generally,
silicon nitride). Sometimes an intermediate etch stop layer is provided to control
trench etch. The etch-stop layer is generally selected from a high-K (for oxides ~4,
and for nitrides ~7) material and the layer is made thin. During etching if the etch
stop layer is eliminated, the etch process becomes robust in terms of etch uniformity,
CD control, trench shape, etc. In the self-aligned approach, where the via requires
almost perfect trench to via alignment, the challenge will be to maintain a very high
selectivity between the dielectric and the intermediate stop layer during etching.

High-K Dielectric Materials

High-K dielectric materials like silicon oxynitride (SiO,N,, (H)), silicon nitride
(Si3Ny), tantalum pentoxide (TayOs), hafnium oxide (HfO;), hafnium silicates
(HfSi,Oy), and barium titanate (BaTiO3) are being developed to replace SiO, as
a gate dielectric material because of the scaling limits of SiO; [117-119]. These
high-K materials can be etched using CF4/Ar and C4Fg/Ar plasma with bias in
an ICP etching system. But, as the high-K materials allow thicker gate dielec-
tric, their appearance at 130 and 65 nm nodes creates significant etching problems
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because of etch-end point detection. Thus techniques for determining the end-point
cycle become valuable for reducing the degree of over-etching in order to increase
throughput and run to run reproducibility. To detect end-point two methods are gen-
erally used: (a) laser interferrometry (LI), and (b) optical emission spectroscopy
(OES). LI provides endpoint detection by identifying the change in frequency of the
reflectance variations caused by the different refractive indices, whereas OES relies
upon the change in the emission intensity of the characteristic optical radiation from
either a reactant or product in plasma [120].

In the case of wet etching of high-K dielectric materials, the removal must be
accomplished without any loss of any silicon, as well as little or no field isolation
oxide loss. Experimental observations show that etch selectivity of HfO, to Si, as
well as HfO; to SiOj, is not greater than unity [120]. However, removal of HfO;
during wet etching does not damage the underlying silicon (Si). Etch selectivity of
thermally grown silicon oxide (TOX) and tetraethylorthosilicate (TEOS) is better
with alcohol diluted HF than HF diluted with water. Unfortunately, the viability of
alcohol-based chemistries as high-K etchants is limited by their flammability [121].
There is no doubt that wet etching is cost effective; however, sometimes the annealed
high-K films are difficult to wet-etch and low-energy ion-bombardment (sputtering)
has been shown to facilitate the etching of these films [122].

Shallow Trench Etching

In the copper damascene process shallow trench isolation (STI) schemes have
replaced local oxidation of silicon (LOCOS) isolation. Interrelated factors among
the major processing steps like silicon etch, dielectric formation, etching, bottom
filling, and chemical mechanical planarization (CMP) determine the actual perfor-
mance of isolation structures in the STI process module.

The etching of STI is performed in a chlorine plasma environment. The volatile
products evolved during etching of silicon in a chlorine-argon (Cly-Ar) plasma are
some combination of silicon and the reactive halogen atoms, that are deposited on
the side walls of the chamber and cause tapering of the trench. The tapering of the
trench is positive and may range from 75 to 89°, depending on the amount of re-
deposition (Fig. 4.59) which can be avoided by sequential etch and deposition steps
using SF, and C,F, plasmas [121].

Control of the STI etch profile is one of the important process capabilities for
STI etch module users. In order to control the etch profile in a controllable fashion,
some industries are using a low frequency (600 kHz versus 1 MHz) RF power bias
for the wafer (Fig. 4.60). The advantage of this process is that the low frequency
biasing controls the silicon-etch rate in the Cl, plasma.

Challenges Associated with Copper Etching

Copper (Cu) is more difficult to etch and more mobile than aluminum (Al). Copper
etch products are non-volatile, remaining on the surface rather than desorbed in the
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Fig. 4.59 Scanning electron micrograph of an etched shallow trench (Photo courtesy, Hitachi)
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Fig. 4.60 Schematic of a dual frequency plasma reactor (Courtesy, Tegal Corporation, Petaluma,
CA)

chamber’s gas stream. The wet etching of Cu is generally done in slightly acidic
ferric chloride (FeCl3) solutions, typically 36-420 Baume (density at 15 °C = 1.33
to 1.41 g/mL). The concentration of FeCls at this level is very harsh to thin Cu
film and the removal rate is very high [122]. The iodine etch solution (KI+I,+H>0)
which is used for copper etching is unsuitable for small feature size devices, because
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the solution is very dark to detect the end point, and the etch-rate is also very high
which frequently results in undercutting.

During photolithography, the presence of copper creates some problems as the
sensitizer of a negative resist attacks copper. Thus copper cannot be used with a
negative resist formulation. Copper (Cu) is difficult to etch in dry etching processes,
because it forms an etch product with chlorine (CuCl), which is relatively non-
volatile below 175 °C [123]. Thus copper cannot be dry etched with any one of
the etchant gases containing chlorine (BCl3, CCly, SiCly, and Cl,). Moreover, the
reactant gases are toxic and carcinogenic. In order to remove the non-volatile by-
products the wafer has to be bombarded with high-energy ions and the temperature
of the wafer has to be maintained above 175 °C which is detrimental to device yield.
[123]. As a matter of fact, the non-volatile materials have become a challenging task
for metal-etch in static random access memories (SRAMs) too.

As wet etching is not a viable solution for sub-100 nm feature size and dry etch-
ing is difficult with Cu, chemical mechanical polishing (CMP) has been used as the
primary method to remove the overburden. The removal rate is controlled in part
by mechanical force applied during processing step. CMP may also be employed to
remove liner material overlying the dielectric.

In case of copper CMP, it has been observed that the removal of burden depends
upon line width, pattern density, slurry chemistry, pad type and degree of condition-
ing, polishing pressure and rotational speed. Galvanic coupling between copper and
the diffusion barrier layer is an additional burden and it is becoming more prob-
lematic with new abrasiveless slurry formulations [123]. However, the yield, the
simplicity of the methodology, and the cost will determine the future of the etching
technology.

4.2.2 Cleaning

4.2.2.1 Introduction

With ever-shrinking dimensions of the devices and increased speed, several new
materials such as copper and low-K dielectric materials together with high-K (to
meet the EOT challenge) have been introduced. As a result, various wafer cleaning
chemistries and technologies have been developed. Many developments are cen-
tered on wet and supercritical cleaning, because, that remove the particles from the
contaminated substrate surface resulting highest yield.

Contaminant particles adhere to the surface during CMP operation due to van der
Waals adhesion forces. Thus removal of particles involves interactions of the forces
in macro- and micro-length scales, which are applied externally using machines that
can operate either in direct contact or non-contact mechanics. The real contact pres-
sure (P;) which is a function of the apparent contact pressure (P,) can be measured
from the simple relationship P, = f(P;) [124-125]. The apparent contact pressure
over the contact area results from the macro-scale force of equilibrium of the two
contacting bodies [126].
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Experimental

Knowledge of the adhesion force and the onset of a large adhesion force after polish-
ing is necessary for minimization of surface defects. Thus the main objective of the
cleaning process after CMP will be to drive away the alumina and the silica slurry
particles completely. Oscillating flow rinse has been successful in the removal of the
contaminants from the cavity because of its ability to stimulate vortex destruction
and regeneration [126]. A solution of benzotriazine (BTA) with tetramethylammo-
nium hydroxide (TMAH) and amonium solution at a particular pH value has also
shown very promising results in reducing surface contaminants [126].

Figure 4.61 shows an untreated and post-treated wafer. Various wafer-cleaning
chemistries and technologies have been developed for sub-micron damascene tech-
nology. The two most common post-CMP cleaning techniques that have been
adopted in Cu-damascene process are brush and megasonic cleaning. Brush clean-
ing is accomplished with de-ionized (DI) water or dilute cleaning agent with some
mechanical actions from rotating brushes, which can be either knobby or ridged
type (Fig. 4.62). Compared to knobby design, the ridged design provides 100% cov-
erage and the ridges are more closely spaced. In addition to that, ridged design
provides unidirectional airflow facilitating rapid cleaning. Generally, polishing pads
and brush scrubbers used in CMP and post CMP cleaning operations are made of
highly deformable porous materials.

e e e e e e

Fig. 4.61 An untreated Cu-low-K structure (/eft) and post-clean wafer (Reprinted with permission,
Semiconductor International, Dec. 2005, p. 43)

Fig. 4.62 Roller brushes:
(a) knobby geometry and
(b) ridged geometry

(Courtesy, ITW Texwipe, NJ) (@) (b)
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In brush cleaning the effectiveness of the cleaning depends upon brush pressure,
speed, cleaning time, flow rate, and chemistry of the cleaning solution [127].

There is an another megasonic non-contact post-CPM cleaning process, which
uses high frequency acoustic pressure waves to remove particles from the surface
of the wafer (Fig. 4.63) [128]. The process involves use of silica particles with an
approximate size of 0.1-1.0 wm with DI water and some commercial cleaning solu-
tion. The cleaning efficiency with the megasonic non-contact cleaning procedure
with proper processing materials and experience is almost 90-95% (Fig. 4.63b).

1 LA PEMALICTRR |
LEMS QOSARTT}  WAFER  TRANSOULER (urmme

(b)

Fig. 4.63 (a) A single wafer megasonic scrub and (b) the unique design of a 40 mm transducer
with programmable chemical flow rate, spindle speed, and water rinsing system (Reprinted with
permission SSE Corp.)

The cleaning process for post-etch polymer residues in sub-100 nm node tech-
nology is becoming critical. Conventional etching processes no longer provide the
required selectivity, uniformity, corrosion resistance, and repeatability. The tradi-
tional wet cleaning approaches for BEOL as used in existing tools currently use
hydroxylamine and amine, with process temperatures varying from 60 to 120 °C.
One such residue removal process has been performed with an automated tool,
which is flexible in terms of the chemical compatibility of the materials of construc-
tion, process temperatures and chemical dispense time. Figure 4.64 shows a batch
processor which utilizes centrifugal force, center and side chemistry dispense, fresh
and re-circulated chemicals and temperature monitoring systems at the heater and
process bowl.

The intermediate rinse after residue removal with isopropyl alcohol is incom-
patible with the Cu- damascene process, and a new generation of cleaning mixture
of ammonium fluoride (NH4OH) with tetramethyl ammonium hydroxide (TMAH),
and various organic acids has proven to be a very effective cleaning solution. Most
of all, these chemicals are water soluble, work at room temperature, and do not need
any rinse in between.
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Fig. 4.64 A batch processor to remove residue for BEOL applications (Reprinted with permission
Semiconductor International. Aug. 2003, p. 47)

Recently, removal of particulates during post-CMP cleaning by solid carbon
dioxide (CO;) followed by sweeping in CO, gas has been successful with low-K
dielectric films which are hydrophobic in nature. The method is known as aque-
ous cryogenically enhanced (ACE) technology [129-130]. Most of the research and
development work with supercritical fluids (SCFs) for the cleaning procedure has
focused on CO; because of cost and prior experience. Owing to its high vapor pres-
sure supercritical CO, can be readily separated from wafer cleaning by-products
and can be recycled. In cryogenic cleaning, liquid CO; is used at a high pressure to
dislodge particles from the surface.

The major cleaning procedure after photoresist stripping and etch/ash residue
removal has attracted much attention. Different cleaning procedures such as dry-
cleans, wet cleans, supercritical cleans, and cryogenic aerosol including laser cleans
have been tried from time to time to investigate the yields. In fact, far from getting
easier, resist stripping is becoming increasingly complex, because of the complexity
of so many exotic materials (Fig. 4.65).

From our practical experience, it seems that successful removal of particles after
stripping cannot be done with a single wet or dry cleaning process. Meanwhile, the
debate between dry and wet cleaning rages on.
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Fig. 4.65 Different kinds of challenges during photoresist striping, and cleaning (Reproduced with
permission Semiconductor International, Jan. 2006, p. 30)

4.3 Summary

Due to the interaction of more complex designs with rapidly shrinking process win-
dows, pattern-related yield loss is dominating early production. As a matter of fact,
when the device size goes below 130 nm, the critical dimension (CD) limited yield
is by far the most challenging problem because it might change the effective focus
and exposure dose. Although CD control is absolutely critical for 130, 90 and 65 nm
device nodes, the photoresist processing tracks must also provide acceptable process
windows (exposure latitude and depth of focus) [131]. It is true that the complex-
ity of track processes has increased five to ten fold as the lithography processes
especially for gates, implants, contacts, and dual damascene are customized. A sin-
gle coater can have 15-20 nozzles to accommodate 15-20 different photoresists
(PR). An antireflective coating (ARC), on the other hand, is coated in a separate
module. The post-exposure bake is typically between 110 and 130 °C. This process
temperature must be ramped within 60-90s. However, the advanced track system
has concentrated on designing better hot plates, which can provide uniform steady
heat within a short time. With advanced technology node, it has become increas-
ingly essential to fix the transfer time between the scanner exposure and the start to
post-exposure bake [131]. The processing of resist (PR) before post-exposure bake
(PEB) is equally important for successful implementation of the resist process. The
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PR, which is hydrophobic before PEB becomes hydrophilic after PEB. Thus one
should be careful during the developing process, because the polymer becomes sol-
uble in tetramethyl ammonium hydroxide (TMAH). Thus dispensing the TMAH is
critical to the performance of the developing step [131].

For production manufacturing, 248 nm lithography with enhancements appears
to work well within the range of 120 nm. Beyond this, 193 nm (ArF) lithogra-
phy will cover 90 nm devices. However, there are too many challenges for 193 nm
patterning, including CD control, overlay accuracy, and transfer of learning from
248 nm resolution enhancement technologies to the 193 nm system. The following
table shows the lithography overlay requirements for the future (Table 4.7).

Table 4.7 Lithography overlay requirements

Year of production 2003 2004 2005 2006 2007 2010 2013 2016

Node (nm) 100 90 80 70 65 45 32 22
Overlay budget (nm) 35 32 28 25 23 18 13 9

Reprinted with permission: ITRS (2003), International SEMATECH, Austin, TX.

A critical component in 193 nm lens systems is CaF,. Many remain concerned
about the supply. Meanwhile a new laser architecture has generated a flurry of inter-
est because it is possible to cover the demand of all the three wavelengths 248, 193
and 157 nm by increasing the power levels of the laser. The idea is that separating
the master oscillator from the power amplifier, a much narrower bandwidth can be
covered without sacrificing laser power.

In the field of etching, there are several ways to implement the task of etching
in the dual damascene process including the via first, line first, and buried etch
mask/self aligned via methods. In earlier generations, via and line dielectric layers
were separated by a thin intermediate layer, such as SiN or SiC, as a trench etch stop.
More advanced processes omit this layer to reduce cost and to improve performance.
But the challenge is to prevent fence or veil formations during via first etch. During
low-K and FSG (fluoro-silicate)-type processes one has to be careful during etching
trench over via [132]. If one is not careful enough it may end up with a veil or a
fence. The high-K materials are also problematic not only because of their high K
values and etching problems but also because of the associated electrode material
compatibility.

In some larger logic devices, some processing engineers are optimistic about dry
etching of copper in inter-level metal interconnects. When the feature size is small
(Iess than 0.13 wm) high-density plasma with a fast etching rate may be a better way
to achieve a desired etching profile.

It seems that hard masks and etch stop will become the decisive factors in
dielectric etch. At the same time, profile control is necessary to meet the critical
dimension (CD) and electrical specification [95-133]. However, tapering dama-
scene trenches and via holes by a few degrees enhances metal step coverage and
has been shown to impact copper stress migration. Experimental studies show that
via etches should be adequately selective to dielectric diffusion barriers covering
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the lower metal level. Otherwise, copper will be exposed to the sputtering event,
which will be detrimental to the interconnect copper layer and to overall yield.
At the same time, the etching level of photoresist and the polymer residue should
be reduced to a stage where the surface adhesion of the substrate will not impact
the step coverage or will not interact with the metal, which has to be deposited
later. A well controlled etch with defined edge and desired dimensions is always
expected. Thus the dry-etch system has become a very popular and widely used
technology although some improvements are necessary with existing dry etching
systems.

In the cleaning area, the post-cleaning is very critical because of particle and
metallic contaminations from the slurry particles. There are several contact and non-
contact procedures available for post-CMP cleaning. The most important goal of
the cleaning procedure should be such that no residue is left over after post-CMP
cleaning that can affect the surface by contamination and corrosion.

References

1. J.G. Ryan, R.M. Geftken, N.R. Poulin, and J.R. Paraszczak, The Evolution of interconnec-
tion Technology at IBM, IBM J. Res. Dev., 39, 371 (1995), and J.D. Meindl, Interconnection
limits on XXI century Giga scale integration, Adv. Interconnect and Contacts Mater and pro-
cess for future ICs MRS Symp., (April 13-16, 1998) (Bell Lab, NJ.) and also A.V. Vairagar
et al., J. electrochem. Soc., 153 (9), G-840 (2006)

2. D. Edelstein, J. Heidenreich, R. Goldblatt, W. Cote, C. Uzoh, N. Lustig, P. Roper,
T. Mcdevitt, W. Motsiff, A. Simon, J. Dukovic, R. Wachnik, H. Rathor, R. Schutlz, L. Su, S.
Luce, and J. Slattery, Full copper wiring in a sub-0.25 pm CMOS ULSI technology, Proc.
IEEE, IEDM, pp. 773-776, (1997) and also A.R. Kumar, C.M. Tan, T.K.S. Wong, and C-H
Tung, Semicond. Sci. Technol., 21, 1369 (2006)

3. S.J. McNab and R.J. Blaikie, Appl. Opt., 39, 20 (2000) and B. LeGratiet et al., Proc. SPIE,
6922 (33), (Feb., 2008), and Proc. SPIE, 6925, 6925E (April, 2008)

4. J.B. Pendry, Phys. Rev. Lett., 85, 3966 (2000)

5. R.J. Blaike and S.J. McNab, Microelectron. Eng., 61-62, 97 (2002)

6. M.J. Bowden, L.F. Thompson, and C.G. Wilson (Eds.), Introduction to microlithography,
Am. Chem. Soc., Washington DC, p. 70, (1994) and also G.M. Wallraff and W.D. Hinsberg,
Chem. Rev., 99, 1801 (1999)

7. P.S. Silverman, Intel Technol. J., 6 (2), 55-61 May 16, (2002)

8. H. Liu, L. Karklin, Y. Wang, and Y. Pati, Application of alternating phase shift masks to
140 nm gate patterning (II), Optical lithography XI, Proc. SPIE, 3334 (1998)

9. H.Liuand A. Wong, 150 nm DRAM optical lithography capability, ARCH microlithography
interface, Proc., (1999) and also M.D. Levenson, Jpn. J. Appl. Phys., 33, 6765 (1994)

10. R.R. Kunz et al., Outlook for 157 nm resist design, Adv. Resist. Technol. Proc. XVI, SPIE,
3678, 13-23 March 13, (1999)

11. R.H. French et al., Novel hydrofluorocarbon polymers for use as pelicles in 157 nm semi-
conductor photolithography, J. Fluorine Chem., 122, 63 (2003)

12. International SEMATECH meeting, Los Angeles, (Jan. 30, 2004) and also M. Switkes and
M. Rothchild, J. Vac. Sci. Technol., B-19, 2353 (2001) and A.K. Raub et al., Imaging capa-
bilities of resist in deep ultra violet liquid immersion interferometric lithography, J. Vac.
Sci. Technol., B-22 (6), 3459 (2004) and R.H. French et al, “Imaging of 32 nm 1:1 lines and
spaces using 193 nm immersion lithography. . .”, J. Microlitho. Microfab. Mcrosyst., Topical
issue on hyper-NA imaging, 4 (3), 031103, (July-Sep., 2005)



References 217

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

217.

28.

29.
30.

31.

32.

33.

A K. Bates, M. Rothchild, T.M. Bloomstein, T.H. Fedynyshyn, R.R. Kunz, V. Liberman,
and M. Switkes, Review technology for 157 nm lithography, IBM J. Res. Dev., 45 (5), 605
(2001) and also S. Kramer, R.R. Fuierer, and C.B. Gorman, Chem. Rev., 103, 4367 (2003)
and D. Ginger, H. Zhang, and C.A. Mirkin, Agnew. Int. Ed., 43, 30 (2004)

PM. Montgomery et al., High NA ArF lithography for 70 nm technology, Proc. Opt.
Mirolith. XV, SPIE, 4691 (2004) and also R.H. French et al., Novel hydrofluorocarbon poly-
mers for use of pellicles in 157 nm semiconductor photolitholithography, J. Fluorine chem.,
122, 63 (2003)

S. Wolf and R.N. Tauber, Silicon processing for VLSI era, Vol. 1, Lattice Press, Sunset
Beach, CA, p. 486, (1986) and also M. Fritze, 100 nm node lithography with KrF, SPIE
Microlith. Conf. Santa Clara CA, (2001)

W. Scot Ruska, Microelectronic Processing, McGraw Hill, New York., Chapter 5, p. 163,
(1987)

M. Bowden, A perspective on resist materials for fine line lithography, In L.F. Thompson,
C.G. Wilson and J.M.J. Frechet (eds.), Materials for microlithography, ACS Pub. Washing-
ton, DC, (1984) and also C.W. Gwyn, Extreme ultraviolet lithography, J. Vac. Sci. Technol.,
B 16, 3142 (1998)

K. Kotoku, ArF exposure system with 0.85 NA for 90 nm node and beyond, SEMI Tech.
Symp. Semicon, Japan, 3—19, (2002) and also S. Thompson et al., Technology Development
Status, Semocond. Tech. Manuf. Intel Technol. J., 06 (2), (May 16, 2002)

R.R. Kunz, T.M. Bloomstein, D.E. Hardy, R.B. Goodman, D.K. Downs, and J.E. Curtin,
J. Vac. Sci. Technol., 17, 3267 (1999)

S.C. Fu, H.W. Lin, W.Y. Chou, L.A. Wang, and K.H. Hsieh, Study of the synthesis and
characterization of methacrylate photoresists, J. Appl. Polym. sci., 83 (9), 1860 (2002)
G.M. Wallraf and W.D. Hinsberg, Chem. Rev., 99, 1801 (1999) and also K. Paterson,
M. Somervell, and C.G. Wilson, Solid state Technol., 43 (3), 41 (2003)

A.E. Feiring et al., Design of very transparent fluoropolymer resists for semiconductor man-
ufacture at 157 nm, J. Fluorine Chem., 122, 11 (2003) and also A.K. Bates et al., Review of
technology for 157 nm lithography, IBM J. Res. Dev., 45 (5), 605 (2001)

H. Ito, C.G. Wilson, and J.M. Frechet, US Patent, 4491628 (1985)

D..T. Hill, J.H. O’Donnell, and P.J. Pomery, Fundamental aspects of polymer degradation
by high energy radiation, In L.F. Thompson, C.G. Wilson, and J.M.J. Frechet, Materials
for Microlithography, Am. Chem. Soc., Washington DC, (1984) and also T.M. Bloomstein,
M.W. Horn, M. Rothchild, R.R. Kunz, S.T. Palmacci, and R.B. Goodman, J. Vac. Sci. Tech-
nol., 17, 3267 (1999)

E. Reichmanis, O. Nalamasu, and F.N. Houlin, Acc. Chem. Res., 31, 659 (1999) and also
D.P. Medeiros et al., Recent progress in e-beam resist for advance mask making, IBM J. Res.
Dev., 45 (5), 639 (2001)

S.C. Fu, K.H. Hsieh, and K.H. Hsieh, The kinetics of negative tone acrylic photoresist for
193 nm lithography, J. Polym. Sci. A: A Polym. Chem., 38, 954 (2000)

R.R. Kunz et al., J. Vac. Sci. Technol., B 17, 3267 (1999) and also T.H. Fedynyshyn et al.,
Proc. SPIE, 3999, 335 (2000)

O. Nalamasu et al., J. Vac. Sci. Technol., B 16, 3716 (1998) and also M. Rithchield et al., J.
Vac. Sci. Technol., B-17, 3262 (1999)

A.J. Pasquale, Ph.D. Thesis, Virginia polytech. Inst. VA, (April 22, 2002)

FM. Houlihan, T.I. Wallow, O. Nalamasu, and E. Reichmains, Macromolecules, 30, 6517
(1997)

U. Okoroanyanwu, J. Byers, T. Shimokawa, and C.G. Wilson, Chem. Mater., 10, 3328
(1998)

K. Nozaki and E. Yano, Fujitsu Sci. Tech. J., 38, 1 (2002) and J. van Olmen et al., Integration
of 50 nm half pitch single damascene copper trenches, AMC Tech. Dig., 5 (2007)

S.C. Fu and K.H. Hsieh, The kinetics of a negative-tone acrylic photoresit for 193 nm lithog-
raphy, J. Polym. Sci., A: Polym. Chem., 38, 954-961 (2000)



218

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

4 Pattern Generation

Optics and Photonics News, (May, 2003) and also S.D. Berger et al., J. Vac. Sci. Technol.,
B-9 (6), 2996 (1991)

Y. Zhang, P. Ware, K. Kotoku, and Y. Yamada, Potential KrF scanning lithography for
130 nm technology node, Future Fab. Int., ICG Pub., UK, 15 (Nov., 2003) and also R. Rich-
hoeff et al., Patterning curved surfaces, J. Vac. Sci. Technol., B-17 (6), 2965 (1999)

M. Noguchi, M. Muraki, Y. Iwasaki, and A. Suzuki, Proc. SPIE, 1674, 92 (1992)

M. Hussein, S. Shivakumar, R. Brain, B. Beattie, P. Nguyen, and M. Fradkin, A novel
approach to dual damascene patterning, Proc. IEEE-IITC, p. 18 (2002) and also J. Kennedy,
T. Baldwin, N. Hacker, and R. Spears, Spin on glass antireflective coatings for photolithog-
raphy, US patent 6268457 (1999)

P. Schiavone, C. Esclope, and A. Halimaoui, SiON-based antireflective coatings for 193 nm
lithography, Proc. SPIE-Microlithography, (1999), Advances in resist technology and
processing XVI, 3678, 1091-1095 (1999) and also M. Hussein, S. Sivkumar, R. Brain,
B. Beattie, P. Nguyen, and M. Fradkin, A novel approach to double damascene patterning,
Proc. IEEE-IITC, p. 18, (2002)

T.G. Tessier, J.M. Frechet, C.G. Wilson, and H. Ito, The photo-fries rearrangement and its
use in polymeric imaging system, L.F. Thompson, C.G. Willson. And J.M.J. Frechet, (eds.),
ACS Pub. Washington, DC, p. 287, (1984) and also R.D. Allen, G.M. Wallraff, D.C. Hofer,
and R.R. Kunz, Photoresists for 193 nm lithography, IBM J. Res. Dev., 41 (1/2), 10 (1997)
X. Shao, A. Guerrero, and Y. Gu, SEMICON, China, (March 17,2004) and also Q. Lin et al.,
SPIE, 3678, 241 (1999) and S.A. Rasgoa, Ph.D. thesis, MIT, (Oct. 21, 2004)

M. Switkes, M. Rothchild, R.R. Kunz, S.Y Baek, D. Coles, and M. Yeung, Immersion lithog-
raphy: Beyond the 65 nm node with optics, Microlithography World, p. 4, (May, 2003) and
K. Ishimaru, 33rd Euro Solid State Circuit Conf., 11-13, 32 (2007)

M.D. Levenson, N. Viswanathan, and R.A. Simpson, IEEE Trans. Electron. Dev., ED-29,
1828 (1982) and also P.F. Cacia, G. Huges, R.H. French, C. Torardi, G. Reynolds, L. Dieu,
Thin films for phase shift masks, Vac. & thin films, HIS Pub., 14-21, (Sept., 1999) and
R.R. Kunz, R.R. Rothchild, and M.S. Yeung, J. Vac. Sci. Technol., B21, 78 (2003) and
H. Dang, J.L.P. Tan, and M.W. Horn, J. Vac. Sci. Technol., B21, 1143 (2003), and P.F. Carcia,
R.H. French, M.H. Reilly, M.F. Lemon, and D.J. Jones, Optical superlatices—a strategy for
designing phase shift masks for photolithography at 248 and 193 nm, Appl. Phys. Lett., 70
(18), 2471 (1997) and also K.M. Lee et al., Proc. SPIE, 6518, 651514 (2007)

M.D. Levenson, Jpn. J. Appl. Phys., 33, 6765 (1994), and also J.G. Goodberlet and H. Kavak,
Appl. Phys. Lett., 81, 1315 (2002) and J. Maria, V. Malyachuk, J. White, and J.A. Rogers,
Experimental and computational studies of phase shift lithography with binary elastomeric
mask, J. Vac. Sci. Technol., B24 (2), 828 (2006) and also F. Sundermann et al., Proc. SPIE,
7028, (April, 2008)

M.D. Levenson, N.S. Viswanathan, and R.A. Simpson, Improving resolution in photolithog-
raphy with phase shifting mask, IEEE Trans. Electron. Dev., ED-29, 1828-1836 (1982) and
also P.F. Garcia et al., Thin film for phase shift masks, Vacuum and thin film, HIS publishing
group, 14-21, (Sept., 1999) and also T. Schram et al., VLSI Tech Symp., (2008)

K.K. Shih and D.B. Dove, Thin film materials for preparation of attenuating phase shift
masks, J. Vac. Sci. Technol., B12, 32-36 (1994) and J. Maria, V. Malyachuk, J. White, and
J.A. Rogers, Experimental and computational studies of phase shift lithography with binary
elastomeric mask, J. Vac. Sci. Technol., B24 (2), 828 (2006)

O. Hunderi, Physica, A 157, 309 (1989) and also P.F. Carcia, R.H. French, M.H. Reilly,
M.E. Lemon, and D.J. Jones, Optical superlattices—a strategy for designing phase shift
masks for photolithography at 248 and 193 nm: Application to AIN/CrN, Appl. Phys. Lett.,
70 (18), 2371 (1997)

D.J. Jones, Optical superlatices—a strategy for designing phase shift masks for photolithog-
raphy at 248 and 193 nm, Appl. Phys. Lett., 70 (18), 2471 (1997)

D. Schurz, L. Kirklin, X. Li, and T. Weed, Resolution enhancement technology for 157 nm
lithography of 100 nm and 70 nm devices, Adv. Reticle Symp., (2001) and also A. Wong,



References 219

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Resolution enhancement techniques of optical lithography, Opt. Eng. V.TT47 SPIE,
(2001)

J. Burnett, Z. Levine, and E. Shirley, Intrinsic birefringence in 157 nm materials, 2nd Int.
Symp. On 157 nm lithography, Dana Point, CA (2001) and also J. Brunett, R. Gupta, and
U. Griesmann, Proc. SPIE, 4000, 1503 (2000)

D. Anberg and W. Flack, Optical lithography aims for 157 nm, Photonics spectra, 34 (12),
74 (2000)

The International Technology Road map for Semiconductors, Lithography Technology
Requirements-Near Term, 2000 update, Int. SEMATECH, Austin TX.

A.K. Bates, M. Rothschild, T.M. Bloomstein, T.H. Fedynyshyn, R.R. Kunz, V. Liberman,
and M. Switkes, IBM. J. Res. Dev., 45 (5), 605-614 (Sept., 2001) and also J. Webb, Laser
Focus World, p. 87, (Sept., 2000)

R. Roger et al., J. Fl. Chem., 122, 63 (2000) and P. De Bisschop et al., Proc. SPIE, 6730,
67301G (2007)

R.R. Kunz, T.M. Bloomstein, D.E. Hardy, R.B. Goodman, D.K. Downs, and J.E. Curtain,
Outlook for 157 nm resist design, J. Vac. Sci. Technol., B17, 3267 (1999)

V. Liberman et al., Materials issues for optical components and photomasks in 157 nm
lithography, J. Vac. Sci. Technol., B17, 3273 (1999) and also T. Hoffman et al., Revis-
ing F laser for DUV lithography, Emerging lithography technologies, SPIE Proc., 3676
(1999)

J. Wilson and J.F.B. Hawkes, Optoelectronics, 2nd ed. Prentice Hall, Hemel Hempstead,
p. 78, (1989)

J.H. Burnett, Z.H. Levine, and E.L. Shirley, Intrinsic birefringence in 157 nm materials, 2nd
Int. Symp. On 157 nm lithography, Dana point CA, (May 14-17, 2001)

K.A. Pandelisev, Purification and crystal growth of CaF; having superior properties, 2nd Int.
Symp. On 157 nm lithography, Dana point CA, (May 14—17, 2001) and also C.M. Smith and
L.A. Moore, Fused silica for 157 nm transmittance, Emerging lithography, Tech III Proc.,
SPIE, 3676 (1999)

C.M. Smith and L.A. Moore, Proc. SPIE, 3676, 834 (1999) and also A.K. Bates et al.,
Review of technology for 157 nm lithography, IBM. J. Res. Dev., 45 (5), 605-614 (2001)
T.K. Gupta, Effect of temperature on the photosensitivity of a photoresist (AZ 1350 J), Euro.
Polym. J., 17, 1127-1130 (1981)

L.A. Moore and C. Smith, Properties of fused silica for 157 photomasks, 19th Annual Symp.
on Photomask Tech. Proc. SPIE, 3873 (1999) and also W. Flck et al., Simulation of subhalf-
micron mask defect printability at XI reticle magnification , Integrated circuit metrology
inspection and process control XI Proc. SPIE, 3050 (1997)

M. Cangemi, Masking materials for 157 lithography, 19th Annual Symp. Photomask Tech.
Proc. SPIE, 3873 (1999) and also T. Bloomstein , V. Liberman and M. Rothchild, Optical
materials and coatings at 157 nm emerging lithographic technology III Proc. SPIE, 3676
(1999)

T. Bloomstein, M.W. Horn, M. Rothchild, R.R. Kunz, S.T. Palmacci and R.B. Goodman, J.
Vac. Sci. Technol., B-15, 2112 (1997)

R.E. Miller et al., The development of 157 small field and mid field microsteppers, SPIE
Symp., 4000-174, (2000)

M. Bohn, H.C. Hamaker, and W. Montgomery, Implementation and characterization of a
DUV raster scanned mask pattern generation system, 21st Annual BACUS Symp. On Pho-
tomask technology, (2001) and also K. Harda, T. Tamamura, and O. Kogure, J. Electron.
Chem. Soc., 129, 2576 (1982) and D.R. Medeiros et al., Recent progress in e-beam resist for
advanced mask making, IBM J. Res. Dev., 45 (5), 639 (2001)

B.J. Greno (ed.), Proc. SPIE, 4562, 16 (2001) and also H.C. Peifer and W. Stickel, Micro-
electron. Eng., 27, 143 (1995)

M. Born and E. Wolf, Principles of Optics, 6th ed. Pergamon Press, New York, pp. 329-333,
(1980) and also K. Nozaki and E. Yano, Fujitsu Sci. Tech. J., 38 (1), 3 (2002)



220

68.

69.
70.
71.
72.
73.
74.
75.
76.
71.
78.
79.
80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

4 Pattern Generation

J.L. Mauer and R.A. Carruthers, Selective etching of SiO; with CF4/H, plasma, Proc. 21st
Electron. Matts. Conf. Boulder CO (1979) and also A.K. Bates, Review of technology for
157 nm lithography, IBM J. Res. Dev., 45 (5), 609 (2001)

R.H. French et al., Novel hydrofluorocarbon polymers for use as pellicle in 157 nm semi-
conductor photolithography, J. Fluorine Chem., 122, 63 (2003)

B.J. Lin, J. Vac. Sci. Technol., 12 (6), 1317 (1975)

T. Iwayanagi, T. Kohashi, S. Nonogaki, J. Electrochem. Soc., 127, 2759 (1980)

H. Ito, Chemical amplification resists: History and development of within IBM, IBM J. Res.
Dev., 41, 69-80 (1997) and also M. Kurihara, T. Segawa, D. Okuno, N. Hayshi, and H. Sano,
Proc. SPIE, 3412, 279 (1998)

M.K. Crawford et al., Proc. SPIE, 3999, 357 (2000) and H. Saitoh, T. Saga, S. Kobu,
S. Sanki, and M. Hoga, Proc. SPIE, 3412, 269 (1998)

A.E. Feiring et al., Design of very transport fluoropolymer resists for semiconductor manu-
facture at 157 nm, J. Fluorine Chem., 122, 11 (2003)

K.J. Przybilla, H. Roschert, G. Pawlowski, Adv. Mater., 4, 239 (1992) and also I. Ito et al.,
J. Vac. Sci. Technol., B-19, 2678 (2001)

F. Cerrina, H. Guckel, J. Wiley, and J. Taylor, J. Vac. Sci. Technol. B-3, 459 (1984)

A.M. Hawryluk and L.G. Seppala, J. Vac. Sci. Technol., B6, 2162 (1988)

H. Kinoshita, K. Kurihara, Y. Ishii, and Y. Torii, Soft X-ray reduction lithography using
multilayer mirrors, J. Vac. Sci. Technol., B-7 (6), 1648 (1989)

M. Singh and J. Braat, Design of multilayer extreme ultraviolet mirrors for enhanced reflec-
tivity, Appl. opt., 39 (13), 2189 (2000)

K. Bergmann, O. Rosier, W. Neff, and R. Lebert, Pinch plasma radiation source for extreme
ultraviolet lithography with kilohertz repetition frequency, Appl. Opt., 39, 3833 (2000)

K. Bergmann, G. Schriever, O. Rosier, W. Neff, and R. Lebert, Highly repetitive extreme
ultraviolet radiation source based on a gas-discharge plasma, Appl. opt., 38, 5413
(1999)

M.A. Klosner and W.T. Silfvast, Intense xenon capillary discharge extreme ultraviolet source
in the 10-16 nm wavelength region, Opt. Lett., 23, 1609 (1998)

A.G. Michette, Optical system for soft X-rays, Plenum Press, New York, (1986)

W.T. Silfvast, M.C. Richardson, H. Bender, A. Hanzo, V. Yanovsky, F. Jin, and J. Thrope,
Laser induced plasmas for soft X-ray projection lithography, J. Vac. Sci. Technol., B-9 (6),
3176 (1991)

C. Jiang, Q. Yao, B. Eccles, A. Kuthi, and M.A. Gundersen, Pseudospark discharge-based
extreme-ultraviolet radiation source, J. Vac. Sci. Technol., B-21 (6), 2843 (2004)

P.A. Kearney, C.E. Moore, S.I. Tan, and S.P. Vernon, Mask blanks for extreme ultraviolet
lithography: Ion beam sputter deposition of low defect density Mo/Si multilayers, J. Vac.
Sci. Technol., B15, 24522454 (1997)

D. Sweeney, EUVL Prog. Rept. S8TR Nov. 1999 and C.W. Gwyn, Extreme ultraviolet
lithography, J. Vac. Sci. Technol., B-16, 3142 (1998)

D.R. Herriot, Electron beam lithography machines, G.R. Brewer (ed.), Electron beam tech-
nology in microelectronic fabrication, Academic Press, New York, (1980)

H.C. Pfeiffer, G.O. Langer, and M.S. Sturans, Electron beam lithography system, US Patent
5,466, 904; and also H. Yasuda et al., J. Vac. Sci. Technol., B14 (6), 3813 (1996)

D.R. Medeiros et al., Recent progress in electron beam resist for advanced mask-making,
IBM J. Res. Dev., 45 (5), 639-650 (2001) and also S. Wolf and R.N. Tauber, Silicon Pro-
cessing in VLSI Era, Vol. 1, p. 501, Lattice Press, Sunset Beach, CA, (1986)

R.S. Dhaliwal et al., PREVAIL electron projection technology approach for next generation
lithography, IBM J. Res. Dev., 45 (5), 615-638 (2001)

C.S. Raftery, H.H. Vuong, S.A. Esharghi, M.D. Giles, M.R. Pinto, and S.J. Hillenius, IEDM
Tech. Dig., Issue 14, 311 (1993)

D.J. Resnick et al., High-resolution templates for step and flash imprint lithography,
J. Microlitho. Microfab. Microsyst., 1 (3), 284 (2002) and also A. Hooper et al., Step and



References 221

94.

95.

96.
97.

98.
99.
100.

101.

102.

103.

104.
105.
106.
107.
108.

109.
110.
111.
112.
113.

114.

115.

116.

117.
118.
119.
120.

flash imprint lithography using UV-transparent, electrically conductive templates, Nanotech,
Vol. 3, Chapter 1, NISTI Pub., Cambridge, MA (2003)

S.W. Crowder, P.M. Rausseau, J.P. Snyder, J.A. Scott, P.B. Gritfin, and J.D. Plummer, IEDM
Proc. p. 427, (1995)

F.H. Baumann, Semiconductor characterization, Present status and future needs, W.M.
Bullis, D.G. Seiler, and A.C. Diebold (eds.), AIP Press, Washington DC, (1995) and
S. Sankaran et al., IEEE IEDM Tech Dig., Issue 2, 6 (2006)

S.K. Krisch, J.D. Bude, and L. Manchanda, IEEE Electron. Dev. Lett., 17, 521 (1995)

H.H. Vuong et al., IEEE Trans. Electron. Deyv., 43, 1144 (1996) and L. Broussous et al.,
IEEE IITC,, San Francisco, CA, (June, 2008)

F. Watanabe and Y. Ohnishi, J. Vac. Sci. Technol., B-4, 422 (1986)

N.J. Chou, C.H. Tang, J. Paraszczak, and E. Babich, Appl. Phys. Lett., 46, 31 (1985)

M. Pons, J. Pelletier, O. Joubertand, and P. Paniez, Jpn. J. Appl. Phys. Part-I, 34, 3723
(1995)

D. Eon, V. Rablland, G. Cartrt, M.C. Peignon-Fernandez, and Ch. Cardinaud, Eur. Phys. J.
Appl. Phys., 28, 331 (2004)

N.P. Hacker, Organic and inorganic spin on polymers for low dielectric constant applications,
MRS Bull., (Oct., 1997) and also J.C. Witzel, J. Interconnect Technol. Conf. (IITC) Proc.,
99 (2000)

M.J. Laboda and G.A. Toskey, Understanding hydrogen silesquioxane-based dielectric film
processing, Solid State Technol., 41, 99 (1998) and also H.J. Lee et al. Structural compari-
son of hydrogen silsesquioxane based porous low-K thin films prepared by varying process
conditions, Chem. Mater., 14, 1845 (2002)

Oehrlein et al., J. Vac. Sci. Technol., A-18, 2742 (2000)

T. Standaert et al., J. Vac. Sci. Technol., A 16, 239 (1998)

T. Akimoto, H. Nanbu, and E. Ikawa, J. Vac. Sci. Technol., B-13, 2390 (1995)

M.F. Doemling, N.R. Rueger, and G.S. Oehrlein, Appl. Phys. Lett., 68, 10 (1996)

R. Barnett, L.A. Donahue, A. Newton, A. Baker, and J. Hopkins, Addressing side wall
roughness, Solid State Technol., 47, 28 (July, 2004) and S.M. Rossangel and J.P. Hopwood,
Appl. Phys. Lett., 63, 3285 (1993) and also M.J. Kushner, IEEE IITC, San Francisco, CA,
(June, 2008)

M. Pons et al., Jpn. J. Appl. Phys. Part I, 33, 991 (1994)

R. Hasio et al., J. Electrochem. Soc., 144, 1008 (1997)

0. Joubert et al., J. Vac. Sci. Technol., B-15, 629 (1997)

A. Yahata, S. Urano, and T. Inoue, Jpn. J. Appl. Phys. Part I, 36, 6722 (1997)

Q. Lin et al., Proc. SPIE, 3678, 241 (1999) and also D.E. Seeger et al., IBM J. Res. Dev., 41,
105 (1997)

S.A. Rasgon, Ph.D. thesis, Oct. 21, Dept. of Chem. MIT, MA 02139, (2004) and S. Satya-
narayana, R. McGovern, B. White, and S. Hosali, Damage mechanism in porous low-K
integration, Semicond. Int., Issue 6, 32, June (2005)

S. Morishita et al., Plasma wall interaction in dual frequency narrow gap reactive ion etching
system, Jpn. J. Appl. Phys., 37, 6899 (1998)

Y. Yonogami et al., Anisotropic etching of RuO, and Ru with high aspect ratio, for gigabit
dynamic random access memory (DRAM), J. Vac. Sci. Technol., B-18 (4), 1911 (2000)

A. Kerber et al., Elect. Dev. Lett., 24, 87 (2003)

C. Hobbs et al., Trans. Electron. Dev., 51, 971 (2004)

Z. Ren, et al., IEDM Tech. Dig., Issue 4, 793 (2003)

M. Sternheim, W. Van Gelder, and A.W. Hartman, A laser interferometer system to mon-
itor dry etching of patterned Si, J. Electrochem. Soc., 130, 655 (1983) and also, P.J. Mar-
coux and P.D. Foo, Methods of end point detection for plasma etching, Solid State Tech-
nol., 19, 115 (April, 1981) and L. Sha and J.P. Chang, Plasma etching of high dielec-
tric constant materials on silicon in halogen chemistry, J. Vac. Sci. Technol. A., 22 (1),
88 (2004)



222

121.

122.

123.
124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

4 Pattern Generation

M.Case et al., Selective wet etching of Hf-based layers, Abstract 549, 204th meeting of
Electrochem. Soc., (2003) and J.S. Starzynski, Selective removal of Hf-based high-K films,
Semicond. Int., 29 (4) 42 (April, 2006)

V. Lowaleker and S. Raghavan, Etching of zirconium oxide, hafnium oxide, and hafnium
silicates in dilute hydrofluoric acid solutions, J. Mater. Res., 19 (4), 1149 (2004) and
K.L. Saenger, H.F. Okorn Schmidt, and C.P. D’Emie, A selective etching process for chemi-
cally inert high-K metal oxides, in Novel materials and process for advanced CMOS, Mater.
Res. Soc. Proc., 745, 79 (2003)

F. Laermer and A. Schlip, Patent No. DE4241045 (US-5501893), (1994)

S.K. Ghandhi, VLSI fabrication principles, Wiley, New York, p. 516, (1983) and K. Karup-
piah et al., CMP-MIC Tech. Dig., Issue 2, 45-54, Feb. (2006)

F. Daniels and R. Alberly, Physical chemistry, Wiley, New York, p. 126, (1981) and also
S. Broydo, Important considerations in selecting anisotropic plasma etching equipment,
Solid State Technol., p. 159, (April, 1983) Technology News, Solid State Technol., p. 32,
(Dec., 2000) and D. Zeidler, Z. Stavreva, M. Plotner, and K. Drescher, The interaction
between different barrier metals and copper surface during chemical mechanical polishing,
Microelectron. Eng., 37/38, 237 (1997) and L. Wang and EM. Doyale, Known effects of
pattern characteristics on copper CMP and future directions, Proc. 9th Int. Conf. On CMP
for ULSI multilevel interactions, Feb. (2004)

J.A. Greenwood and J.B.P. Williamson, Contact of normally flat surface, Proc. R. Soc. Lon-
don Ser. A, 295, 300 (1966)

K.L. Jackson, Contact mechanics, Cambridge University, Press, Cambridge, UK, (1985)

B. Bhusan (ed.), Hand book of micro/Nano tribology, 2nd ed. CRC Press, Boca Raton, FL,
(1999) and J.G. Park and A. Busnaina, Cu-post CMP cleaning, Semicond. Int., 28 (8), 39
(2005)

N. Moumen, M. Guarrera, J. Piboontum, and A.A. Busaina, Contact and non-contact Post
CMP cleaning of thermal oxide silicon wafers, Proc. 10th Annual IEEE/SEMI. Advanced
Semiconductor Manufacturing Conf. Boston, MA, Sept. 8-10, p. 250, (1999)

A.A. Busnaina, T.M. Elsawy, Post CMP cleaning using acoustic streaming, J. Electron.
Mater., 27 (10), 1095 (1998)

V.B. Menon and R.P. Donovan, Handbook of semiconductor wafer cleaning technology,
W. Kem (ed.), Noyce Pub., Port Republic, NJ (1993)

S. Banerjee, H.F. Chung, R.J. Small, and C. Shang, Copper interconnects new contact metal-
lurgies/structures and low-K interlevel dielectrics/2002 G.S. Mathad et al. (eds.), PV 2002-
22, p. 293 (2002), The Electrochem. Soc. Pub. Pennington, NJ, (2003)

H. Kyodaet al., Improvement of CD control ability in developer process, SPIE microlithog-
raphy Proc. 5039, (2003) and also G.W. Ray and S. Lassing, Semicond. Int., 24, 96 (2001),
and L. Peters, Designing tracks for better CD control, Semicond. Int., 26 (9), 54 (2003), and
B. Cohen et al ., Dynamic temperature profiling for post exposure bake, Semicond. Int., 26
(2), 12 (2003) and M. Fritze et al, Nanofabrication with deep ultraviolet lithography and
resolution enhancement, J. Vac. Sci. Technol., B17, 3310 (1999)



Chapter 5
Deposition Technologies of Materials
for Cu-Interconnects

5.1 Introduction

Scaling of the feature size from 250 nm to sub-100 nm has restricted the use of
aluminum (Al) interconnects. At the same time demands for higher speed, better
performance of the scaled circuits, and thinner gate material need better dielectric
materials other than silicon dioxide (SiO;). As a result, copper has replaced Al-
interconnect and low-K interlayer and high-K gate dielectric materials have replaced
Si0,. Deep submicron copper interconnects cannot be formed by using the conven-
tional cloisonné approach which is ubiquitous in Al metallization. Experimental
evidence shows that dry etching of Cu is difficult and photoresist work cannot with-
stand the temperatures required for Cu-etching (>200°C). Moreover, wet etching
and lift-off techniques of Cu have been attempted without much success. So a new
process technology known as the damascene process has been introduced to inte-
grate Cu-interconnects in modern integrated circuits (ICs).

Figure 5.1 shows the conventional aluminum (Al) metallization technology ver-
sus modern copper (Cu) metallization technology to fabricate interconnecting lines.
In Al-technology a thick titanium (Ti)-based shunt (TiN) layer is deposited first
after surface treatment with silane (SiHy) to enhance nucleation of the subsequently
deposited tungsten (W) film [1] for via filling. It also uses tungsten (W) as local as
the local wiring and contact level metal for the devices in microprocessors, ASIC
and DRAMSs. On the other hand, in the Cu-damascene technology, a Ta/TaN layer is
deposited for the barrier and Cu is used as via filling and interconnecting material.

As the technology shifted from 250 to 100 nm node, the Ti-based shunt layer
with tungsten via filled metal became inadequate to support sub-100 nm Cu-
interconnects. Moreover, titanium chloride (TiCly) based titanium nitride (TiN) film
was found to develop micro-cracks and stress due to the presence of higher per-
centages of chlorine in TiCly. The stress is even higher when Cu-interconnects in
the the Cu-damascene process are confined within the barrier layer. Moreover, the
presence of chlorine in the TiCly can form copper chloride compound, which is not
very stable at higher processing temperatures, especially during plasma processing.
On the other hand, a Ta-based barrier layer (Ta/TaN) has been very successful for
Cu-interconnects, especially when the barrier layer is very thin.
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Fig. 5.1 Aluminum versus
copper technology (Reprinted
with permission Mat. Res.
Soc. 2002 Spring meeting)

As the supporting materials for Cu-interconnect have changed, and the feature
sizes of via holes and trenches are becoming smaller, the deposition technologies
also need to be replaced by either modifying the existing deposition technologies
or introducing new technologies. For example, long throw ionized physical vapor
deposition (IPVD) has replaced conventional sputtering, the old chemical vapor
deposition (CVD) technique has been modified, the old-fashioned recipe and the
processing technology for copper plating used in printed circuit boards (PCBs) have
been changed, and a new atomic layer deposition (ALD) technology has emerged
into the arena as copper became the mainstream interconnecting material. On the
other hand, sputter deposited barrier layers of Ta/TaN have been reported from
time to time by many investigators. These sputtering systems are mainly mag-
netron sputtering with special attachments, and are named differently as (a) ion-
metal plasma sputtering [2], (b) ionized PVD [3], and (c) reactive sputtering [4].
On the other hand, a CVD barrier layer of Ta/TaN has also shown several filling
advantages [5].

5.2 Emerging Technologies

5.2.1 Cu-Damascene Process

In the copper damascene process, copper (Cu) interconnects are formed by deposit-
ing a thin film of copper on the patterned surface. The Cu-lines forming interconnec-
tions must retain their structural integrity [6—7] without deformation, loss of adhe-
sion [8-9], void formation [10], and loss of conformality [11-14]. Scaling of the
feature size to sub-100 nm level has introduced additional reliability issues about
thinning of interconnects and high aspect ratio via-hole fillings. Damascene Cu-
filling is performed by electrodeposition of copper film inside the patterned area.
Electrodeposition of copper requires a thin (a few angstroms thick) Cu-seed layer
for nucleation, which is deposited on the top of a barrier layer. It is necessary to
attain 100% copper coverage with the seed layer to prevent voiding in the acidic
plating bath.
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5.2.2 Barrier Layer Requirements

The barrier layer is needed to avoid Cu-diffusion inside the dielectric layer (low-
K or silicon dioxide (SiO7)). Copper (Cu) is known to be a fast diffuser in silicon
where it can act as a deep level acceptor and can degrade minority carrier lifetime,
causing high junction leakage in transistors and short retention time in DRAMs.
Cu also diffuses through SiO», especially under electrical bias. The barrier layer
is generally selected from transition metals and their compounds. The barrier layer
thickness must be kept to a minimum in order to preserve the effective conduc-
tive advantage of Cu over Al alloy since the bulk resistivity of the barrier layer
material is higher than the bulk resistivity of Cu. The barrier layer thickness can
vary from 10 to 20 nm and it is hard to deposit continuous, conformal, void and
stress free thin dielectric layers of 10-20 nm with existing conventional deposition
systems.

The other aspects that should be taken into account are the barrier layer’s texture
and roughness because, as a substrate, these two parameters will affect the struc-
tural growth of Cu-interconnects. The correlation between crystallographic texture
and stress induced void formation in tantalum (Ta)-encapsulated Cu-interconnects
reveals that <I111> texture forms better resistance to void formation. The locally
weaker <111> texture of Cu-interconnect near void location has higher diffusivity
and twist boundaries [15]. The above requirements have generated much interest in
evaluating the properties of the barrier layer before Cu-deposition. As a matter of
fact, there exists a strong concurrent effort to develop technologies capable of pro-
viding conformal coverage of the barrier layer in very high aspect ratio holes [16].

5.3 Deposition Requirements

Copper interconnect requires depositions of thin films mostly for (i) the copper seed
layer, (ii) the copper blanket for interconnecting lines, (iii) the barrier layer, (iv)
low-K dielectric materials, and (v) a cap layer/passivation layer.

The most important reason for the widespread use of thin films in the microelec-
tronics industry is that it can be processed to yield small feature size, low power
consumption, high circuit density, and can be applied to a small space. But continu-
ing advances in the fields of very large scale integration (VLSI) of ultra-large scale
integration (ULSI) and of the continued development of smaller devices aroused
concern about the existing thin film deposition techniques for the copper seed
layer, copper interconnects, barrier layers, cap layers, and high and low-K dielec-
tric materials. The most important requirement is the stability of the deposited films
during the IC fabrication procedures. As a result, there is ongoing research into
the development of a suitable deposition process for a particular class of material
(Table 5.1).

During the past decade, advances in the deposition of thin metal film for ultra-
large-scale integrated (ULSI) circuits have been limited by the available deposition
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Table 5.1 Supporting materials for the Cu-interconnects and deposition methods

Application Materials Process technology
Substrate Silicon (Si), starting wafer Single crystal, Czochralski
Dielectric SiO,, low-K (inorganic, organic, CVD, PVD, spinning (SOD), ALD
hybrid), High-K (gate) RTCVD
Cap, etch stop SiN,, CoWP, SiC CVD, PVD, ALD, electroless
(bath)
Barrier layer Ta, TaN,, TaC, WC, TiN, TiC CVD, PVD, ALD
Cu-seed layer Cu ALD, PVD, electroless
(nucleation)
Cu-blanket Cu ECD, PVD, CVD

(Cu-interconnect)

technologies. The device size, the dimensions of via holes and trenches with high
aspect ratios and the change in process technology (subtractive Al-interconnect to
additive the Cu-damascene process) need more sophisticated deposition technolo-
gies, as the existing deposition technologies are not adequate to meet the current
needs of modern ICs. We will discuss some of these deposition processes that are
very frequently used to deposit thin films during the damascene process such as:
(a) physical vapor deposition (PVD) [17-18], (b) chemical vapor deposition (CVD)
[19-21], including atomic layer deposition (ALD) [22-25], and (c) electrochemical
deposition (ECD) including electro (-de) less (bath deposition) deposition [26-31].
As the feature size of the devices has scaled down (from 10~ to 10 m) commu-
nication through these high-speed devices (without compromising yield and cost)
has become a challenge [32-34]. Thus an increase in process capability and con-
trol has been necessary in the field of thin film deposition and in the area of pattern
definition.

5.4 Thin Film Growth and Theory of Nucleation

One of the most important criteria of the Cu-damascene process is deposition of
void free, conformal thin films inside a small trench or via hole with high aspect
ratio (AR). According to the report of International Technology Road Map for Semi-
conductors (ITRS), a 12:1 aspect ratio (AR) contact has to be filled for a dynamic
random access memory (DRAM) at 90 nm, and 14:1 AR will be needed at 45 nm
node technology [1]. However, for logic applications, though the ARs are smaller
than DRAM, the requirements for seamless fill and chemical mechanical polish-
ing (CMP) coring resistance to prevent copper contamination of the device are
important.

Besides low-K dielectric for the interlayer/intermetal dielectric (ILD/IMD) and
high-K dielectric gate material, copper interconnects require a barrier layer to pro-
tect the underneath metallization. Each barrier film has a unique solution to a deposi-
tion process. Plasma enhanced chemical vapor deposition (PECVD) deposits films
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that have different compositions on the field, sidewalls, and via-hole bottom and cre-
ates a difficult situation for film growth initiation. Physical vapor deposition (PVD),
on the other hand, can deposit uniform films in the field and via holes, but show
low step coverage along the sidewalls [35]. Moreover, ordinary sputtered deposi-
tion of alloys is difficult, and the presence of nitrogen or any other residual gas
during reactive sputtering can produce stress in the film, which can yield increased
film resistance. During step coverage, sputtered deposited films sometimes suffer
from thinning and cracking too [36]. However, good trench filling has been reported
through reflow after sputtering.

Due to its superior step coverage capacity over PVD, CVD has naturally received
much attention, especially the metal-organic CVD (MOCVD) process, which can
deposit films at much lower temperatures (150-200°C) by thermal decomposition
of the precursor. However, the use of the precursors is critical and the prices of
the precursors are high. On the other hand, rapid thermal CVD (RTCVD) has been
successfully used to deposit dual gates in CMOS processing at low temperatures
[37] and is expected to be used for void free thin film deposition inside high aspect
ratio trenches and via holes.

More recently, atomic layer deposition (ALD), which is based on sequential self-
limiting surface reaction, has provided atomic layer control over films on high aspect
ratio structures [38]. But the process is very slow, and for thick film deposition, the
process can be expensive. However, ALD might be suitable for thin high-K dielectric
materials and diffusion barrier layer back-end interconnects [39].

Electroplated (EP) copper is known to be self-annealing at room temperature and
thermal treatment is necessary to avoid the self-annealing. Self-annealing drastically
alters the microstructure of the Cu-film and the reliability of the film [40], such as
electromigration, and the change in plasticity.

Electroless (electrode-less) plating, on the other hand, is a relatively cheap
and simple process, but lacks process control during deposition. Moreover, the
microstructure of electroless Cu-film generally consists of very fine grains implying
poor electromigration (EM) resistance.

Experimental evidence shows that solution derived thin films are dependent on
the grain growth. Grain growth is again dependent on the average interatomic dis-
tance, the average grain radius, the grain radius at the interface with substrate, the
film thickness, and the interfacial surface and grain boundary energies, respectively.
It is expected also that during Cu-plating additives in the electrolytic solution can
influence the surface nucleation and the film structure [41-42]. Thus the study of
the theory of nucleation is very important for deposition of a void free, conformal
thin film over a small area of a sub-100 nm device [43-47].

5.4.1 Nucleation Theory

The process where a minimum number of ions or molecules come together to form
a stable second phase is defined as nucleation [48]. According to the position of the
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arrays of the ions or molecules the nucleation can be heterogeneous or homogeneous
[49-52]. Most nucleation theories postulate an equilibrium or steady state to exist
between the adsorbed monomers, which diffuse on the substrate surface for a time
T constantly colliding with themselves and other clusters and aggregates of various
sizes (Fig. 5.3a) [5, 53-57].

The term cluster can be best described as aggregates of atoms that are usu-
ally too large to be referred to as molecules and too small to resemble small
pieces of crystal [5, 58]. Perhaps the most remarkable aspect of clustering, which
is also true in the regime of inelastic collapse (Fig. 5.2a), is that it leads to long
string-like grain configurations rather than to shapeless blob particles (Fig. 5.2b)
[59-61].

Clusters are regarded as crystal defects in silicon and can become electrically
harmful by acting as nucleation centers for the precipitation of copper as impurity.
Studies of device physics have explored the possibility that junction leakage in p-n
junction devices and charge storage failure in metal oxide semiconductor (MOS)
devices are the results of generation currents originating at precipitates of copper
and other metals in silicon [62].

The processes of making thin films always involve phase transformation and, as
such, the properties of these films are different from their bulk material [63—64].
Thin film can grow in three well-known growth modes (Fig. 5.3). These modes
are: (a) Frank—van der Merwe (FVD) mode, where the film grows epitaxially layer
by layer and the misfit is zero; (b) Stranski—Krastanov (S-K) mode where, films
grow in layers and in island fashion; and (c) Weber—Volmer (W-V) mode, where
the substrate energy is greater than that of the film and island growth prevails [65].
Figure 5.3 illustrates the film growth modes. The vertical axis denotes the difference
of surface energy between the film and substrate and the horizontal axis represents
the interfacial misfit. The dashed line denotes the separation between the W-V and
S-K modes. The circle at the origin denotes the area where a multilevel structure
consisting of several layers of two or more materials have met the surface energy
and misfit conditions.

In order to achieve epitaxial growth of a thin film having the same lattice
structure as that of the underlying substrate, it is crucial to have a close lattice
match between the interface and the substrate. Moreover, the surface energy of
the film should be less than or equal to the surface energy of the substrate. On
the other hand, if the surface energy of the film is greater it tends to agglomer-
ate as it grows and will form a nucleation barrier to the condensation of a perma-
nent deposit [64]. Crystallization is regarded as a first-order phase transformation
which proceeds by nucleation and growth. Therefore, the associated surface energy
information on the kinetics of crystallization of an amorphous barrier layer on a
dielectric layer can be obtained and manipulated cleverly from the published data
[64-66].

The surface energy of a substrate is altered in the presence of impurities or
alloying. The study of Melmed shows a strong influence on the nucleation behav-
ior of copper (Cu) when it is deposited on Ta/TaN in presence of residual gas
[61, 67]. Deposition of an amorphous barrier layer for Cu-interconnects is currently
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Fig. 5.2 (a) Two-dimensional clustering of particles as a result of inelastic collision (Reprinted
with permission from Physics Today, APS, April 1996) and (b) comparative analysis of
the dimensions of the nucleus and the metal cluster (Reprinted with permission, Taylor and
Francis Ltd.)

of interest in integrated circuits (ICs), because there will be little or no diffusion
of Cu due to the absence of grain boundaries (GBs). Thus the information of the
surface energy of the metals, and the mechanisms of nucleation and growth of thin
films, are of potential interest for the deposition of a voidless, stress-free, conformal,
and stable film.
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Fig. 5.3 Schematic diagram of thin film growth. ap, and as are lattice parameters of the film and
the substrate, and o and o are the surface energies of the substrate and overlayer, ([65], Reprinted
with permission, IBM research)

5.5 Instrumentation

Evaporation theory includes the concept of reaction kinetics, thermodynamics, and
solid state theory [67—69]. It also shows the presence of ledge sources in the form
of grain boundaries, cracks, crystal edges, and dislocations in polycrystalline mate-
rials [70]. During evaporation, as the islands grow, there is a decreasing tendency
for them to become completely rounded after they coalesce. In polycrystalline films
coalescing pairs of islands are randomly distributed and the grain boundary area is
much larger than that in a single crystal film. Impurities present in the grain bound-
aries and segregation at these grain boundaries contribute significantly to the resis-
tivity of the polycrystalline films. As a result, the stability and performance of an
evaporated film will depend upon several factors, e.g. impurity concentration during
growth, defects, grain size and its distribution, stoichiometry of the alloys, stress,
adhesion, interactions with the substrate, and surface morphology [71-74].

5.5.1 Physical Vapor Deposition

Physical vapor deposition (PVD) is a technique whereby physical processes such
as evaporation, sublimation, or ionic impingement on a target, facilitate the trans-
fer of atoms from a solid or molten source on to a substrate. The simplest of all
the PVD systems is the resistance heating of the material under vacuum [75-76].
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However, the conventional evaporation method is not suitable for deposition of
materials inside via holes and trenches having high aspect ratios (ARs).

5.5.2 Sputtering

Sputtering can be described as an energy transfer process from a target bombarded
with ions, electrons, etc. [77-78]. The plasma power, the main source of heat inside
the chamber, is controlled to prevent the degradation of the film properties, espe-
cially in a conventional diode system [79-80]. To enable the ignition of the plasma
usually argon is fed into the chamber. In the Cu-dual damascene process sputter-
deposited films of tantalum (Ta) and its nitride (TaN) are used for diffusion barriers.
Sputtering is also used to deposit a bi-layer of copper on a Cu-seed layer. In cathode
sputtering, metal ions are released from a source by bombardment of high-energy
ions. These freed ions are then attracted towards the highest positive potential in
the system (Fig. 5.4). Sputtering has many advantages over resistive heating PVD
systems especially when the source material is a refractory metal (high melting tem-
peratures), or alloys (without any fractionation), or the material has to be deposited
without shadowing near steps with better coverage. Figure 5.4 shows a schematic of
a low-pressure sputtering system.
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Fig. 5.4 Schematic of a low pressure sputtering system (Courtesy, ICE, AZ)
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5.5.2.1 DC and RF Sputtering Systems

Diode or dc sputtering deposits conductive materials (Fig. 5.5) and has two elec-
trodes to feed the working voltage, from 500 to 10 kV. The pressure inside the
chamber is generally maintained between 30 and 120 mtorr. The radio frequency
(rf~10 MHz) sputtering system, on the other hand, can sputter both conductive and
non-conductive (insulators) materials and the sputtering rate is determined by the
flux of the ions and the energetic neutrals. In both rf and dc sputtering systems most
of the secondary electrons emitted from the target do not cause ionization events
with argon and the methods are not cost effective.
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Fig. 5.5 Schematic of a sputtering system with several features (Reprinted with permission from
John Wiley, [111])

5.5.2.2 Bias Sputtering

Conformal deposition of thin films (step coverage) inside small via-holes and
trenches is very important in the copper damascene process. It is anticipated that
bias sputtering will be a suitable process when conformal coverage is an important
issue [81-82]. The advantage of this mode of operation is that the rf bias applied to
the substrate enhances the acceleration of the impinging ions and transports them to
the sidewalls of the steps [83].
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5.5.2.3 Magnetron Sputtering

In both dc and rf sputtering, secondary electrons collected near the anode do not
cause ionization but they cause unwanted heating. A strong magnetic field is applied
to confine most of these secondary electrons near the magnetic field and to facilitate
their safe return to the target. The trajectory motion of the secondary electrons is
roughly cycloid, until they collide with the Ar atoms of the carrier gas (Fig. 5.6). In
magnetron sputtering systems, two principal electrode configurations are generally
used: (i) planar magnetron; and (ii) circular magnetron.

Fig. 5.6 Schematic of a
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The working voltage of a magnetron sputtering system is coupled with the mag-
netic field to concentrate the ions that increase the current density (deposition rate).
Step coverage is one of the most important aspects of magnetron sputtering and
is achieved by optimizing the shape of the target and by controlling the target
regions where maximum sputtering occurs. Recently, a new type of high density
aided hollow cathode magnetron (HCM) type deposition system has been devel-
oped for deposition of liners and seed layer in the the Cu-damascene process which
is expected to deliver excellent sidewall (~12%) and bottom coverage (~33%). The
advantages of the magnetron sputtering system are high deposition rate, low process
temperature, less plasma contamination, and high yield [84—86].

5.5.2.4 Reactive Sputtering

Reactive sputtering is performed by the introduction of a reactive gas into the reac-
tion chamber, which allows the sputtered atom to combine with gas to form a chem-
ical compound. Nitrides of tantalum (Ta), titanium (Ti), and tungsten are poten-
tial candidates for barrier layer in the Cu-damascene process and are deposited by
reactive sputtering. It appears that the reactive sputtering process will continue to
be the most important PVD process in silicon VLSI fabrication. As the feature size
is becoming smaller, the demand for a new and modified sputtering system is very
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much felt, and a modified version of the sputtering system known as an ionized PVD
system has been introduced in the market.

5.5.3 Ionized Physical Vapor Deposition (IPVD)

Ionized vapor deposition (IPVD) deposits film from ions by applying an electric
field near the surface of the wafer to control the velocity and the directionality of
the ions [87]. The system can deposit metal or dielectric films inside a narrow via
hole or trench having high aspect ratio (AR) with negligible deposition on the side-
walls, which is particularly needed for sub-micron size devices in the Cu-damascene
process.

Bottom coverage is determined by the directionality of the incoming material,
which is achieved by the ratio between the ions and the neutrals and the angular
distribution function of the ions. Thus when the ions are normal to the substrate
surface and there is no re-sputtering inside the structure, the bottom coverage can
reach almost 100% [88]. In the copper dual (double) damascene process (Cu-DD),
overhang and faceting can be controlled by controlling the wafer bias, the ion flux
(controlled by controlling the rf power), and ion to neutral ratio (controlled by the
RF coil power, pressure, and DC target power) [89].

It has been observed that for conformal wall-coverage (i.e. when base and side-
wall coverage are equal) an optimum ratio (1:1.5) between DC: rf values is required.
But this has been debated by Rossangel et al., [90] who claim that the conformality
of the film is a function of the vertical flux component.

Figure 5.7 shows a schematic of a typical [-PVD system. A commercial hollow
cathode magnetron type [I-PVD system is available on the market, which is reported
to deliver better film composition for the Cu-damascene process. It uses permanent
magnets to create a null field region, which forms a cusp mirror that reflects most of
the escaping electrons back into the hollow cathode [86-94]. Increased gas pressure
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Fig. 5.7 A typical schematic of an ionized physical vapor deposition system
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inside the chamber increases the time of flight of the sputtered ions [95-96]. The
film coverage inside via holes and trenches depends on re-sputtering of the surface
materials, ion enhancement mobility, mobility of surface atoms, and modified stick-
ing coefficients due to the oblique angle of incidence [97]. A high electron density
(n>> 10" cm™) inert gas plasma between the target and wafer is created to ionize
the metal vapor. The power source may be either an electron cyclotron resonance
plasma or inductively coupled plasma (ICP) [98].

Table 5.2 shows the effects of variable processes and the consequences on the
film characteristics deposited by an inductively coupled plasma (ICP) system. The
commercial ICP system has four point cusp modules and it employs 60 MHz VHF
current to generate plasma. The unit uses either 2.5 kW power with 22 Pa base
pressure or 4.0 kW power with 18 Pa base pressure to deposit Ta/TaN or Cu-films,
respectively. The processing conditions inside the chamber determine the grain size
and the resistivity of the film [99].

Table 5.2 Effect of process variables on film characteristics

Increasing Bias coverage Sidewall coverage Non-uniformity Deposition rate
Pressure Increase Increase Increase Decrease

rf coil power Increase Decrease Increase Decrease

DC target Decrease Increase Decrease Increase
Substrate bias Increase Increase Variable Slight decrease
RF power No change No change Decrease Increase

Reprinted with permission, Aviza Technology, CA, from the article of S.R. Burger, K.E.
Buchanan, J. Cresswell, and I. Moncriegg

In Table 5.3, the deposition parameters and the characteristics of Ta/TaN films
are listed. It has been observed that when the flow rate of nitrogen is less than 1 mT,
B phase Ta changes to a-phase, with a change in resistivity from 175 to 75 pQ2-cm.

Table 5.3 Deposition parameters and characteristics of Ta/TaN films

Parameter B-Ta TaN (I) TaN (II)
N; pressure (milli-torr, mT) 0and 0.2 1-2 >2
Deposition rate (nm/min) 60 50 22
Tooling factor (MW/min) 600 500 220
Non-uniformity (1 sigma %) <8 <8 <8
Base coverage % 70 50 56
Sidewall coverage % 50 52 44
Stress (dynes/cmz) 2 x 1010 4 x 10'0 2 x 1010
Resistivity (n2-cm) 175 and 75 220-250 2200
Breakdown temperature (C) 550 and <450 650 >750
Texture <002>

Reprinted with permission, Aviza Technology, CA, from the article of S.R.
Burger, K.E. Buchanan, J. Cresswell, and 1. Moncriegg
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Not only that, the flow rate of nitrogen also controls the structure of the tantalum
nitride (TaN). For example, when the N, flow rate inside the chamber exceeds 2 mT,
metallic TaN film not only changes to a green/golden color with a mixed crystalline-
amorphous phase but a change in resistivity from 200 to 2000 €2-cm is also noticed
[100]. Further increase of the flow rate of N> forms a Ta;N phase and the film
resistivity changes to 200 p2-cm [101-103].

5.6 Chemical Vapor Deposition (CVD)

Chemical vapor deposition (CVD) is defined as the deposition process of a non-
volatile solid film by vapor phase chemical reactions which require both thermal
and chemical reactions for film deposition [104]. The process plays an important
role in the semiconductor industry because of its ability to provide high through-
put and excellent step coverage, at relatively low temperatures [105]. According to
the different variances of the design system, and the reacting gases, the CVD pro-
cess can be classified into two main categories, namely, atrmospheric pressure CVD
(APCVD) [106], and low-pressure CVD (LPCVD) [107-109]. As the complexity
of deposition technology has increased, low pressure CVD has been modified to
plasma enhanced CVD (PECVD), metal-organic CVD (MOCVD) and rapid ther-
mal CVD (RTCVD,).

5.6.1 Plasma Enhanced CVD (PECVD) System

The attainment of controlled film properties over an extended surface for large
production at relatively low temperatures can be made possible with the plasma
enhanced CVD (PECVD) system (Fig. 5.8). The major variables affecting the film
deposition rate and uniformity are: (a) rf power density; and (b) distribution of power
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Fig. 5.8 Schematic of a PECVD reactor showing different parts of the reactor and the gas flow
system (Reprinted with permission, John Wiley, New York, ref. S.M. Sze, Physics of Semiconduc-
tors, p. 355)
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density [110]. The PECVD system can provide: (i) very good adhesion of the film
to substrate; (ii) low pin hole density; (iii) better step coverage; (iv) good electrical
characteristics; and (v) compatibility with fine line pattern transfer [111-114].

Figure 5.8, shows a schematic of a PECVD reactor. The power for plasma gen-
eration is induced either by an inductively coupled rf coil or capacitively coupled
plates. The film grown by the PECVD method sometimes develops compressive
stress, which is a function of the applied rf power, pressure, and the bias. Three
types of PECVD systems are available on the market, namely, (i) parallel plate, (ii)
horizontal tube, and (iii) single wafer type.

The PECVD method can be used to deposit tantalum nitride (TayN/TaN) or
a Ti/TiN liner and SiyN, as a hard mask or cap layer for the Cu-interconnect
[115-116]. The effectiveness of a film deposited by the PECVD method can
be determined by secondary ion mass spectroscopy (SIMS) and C-V techniques
[117].

Figure 5.9 shows a commercial PECVD system built to deposit low-K dielec-
tric material for the Cu-damascene process. It is expected that to integrate low-K
dielectric materials into Cu-interconnects, the PECVD method will be simpler than
the spin-on deposition (SOD) technique.

Fig. 5.9 A commercial
PECVD system designed to
deposit low-K dielectric film
(Photo courtesy Novellus
systems Inc.)

Besides Ta/TaN, the PECVD method has been successfully applied to deposit
tungsten (W) and other refractory metals to fill submicron level via and trenches
having high aspect ratios [118—120] in the Cu-damascene architecture. In LPCVD
and PECVD systems, the reactants have more energy than in the APCVD sys-
tem, which increases the migratory motion of the adatom and improves the step
coverage of the trench or via hole. In the PECVD system, the temperature inside
the chamber during deposition is kept below 450 °C, which is very useful for
intermetallic dielectric (IMD) film deposition in the Cu-damascene process. It
has been reported that integrating APCVD with or without PECVD with tetra-
ethylorthosilicate (TEOS)/O3 can suppress hillocks and via poisoning. The PECVD
underlayer also protects underlying devices from moisture evolving from the IMD
at elevated temperatures [121-124]. The RTCVD method, on the other hand, has
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been used to deposit high-K hafnium oxide for dual gate CMOS processing [37].
Table 5.4 shows a comparative analysis of the three different CVD systems.

Table 5.4 Characteristics and applications of CVD reactors

Process Advantage Disadvantage Applications

APCVD  Simple. Fast deposition Poor step coverage, particle Low temperature oxides
rate, low temperature contamination, frequent
operation cleaning necessary

LPCVD  Excellent purity and High temperature operation, High temperature
uniformity, conformal low deposition rate oxides, SizNyg, W,
step coverage, large WSiy, Poly-Si

wafer capacity, mass
transfer no longer limits
the deposition rate

PECVD  Low temperature operation, Chemical (Hy) and Low temperature
Fast deposition rate, good  particulate contamination insulators, and
step coverage, better film Passivation layer,
adhesion, low pin hole inter metallic
density, and compatible dielectric (IMD)

with fine line pattern
transfer process

5.6.2 Metal-Organic Vapor Deposition (MOCVD)

The metal organic CVD (MOCVD) system is a low temperature process. It can
reduce structural defects, and interlayer diffusion, during copper deposition in the
Cu-damascene process. The most important criterion of the MOCVD process is
that the metal containing precursors are available in a wide range of chemical com-
pounds, from gases through volatile liquids, sublimable solids to relatively non-
volatile solids. The precursors can be transported in vapor phase to be condensed
on a proper substrate [125-126]. MOCVD has a number of potential advantages
over other deposition techniques such as large area growth capability, good compo-
sition control, high film density and excellent conformal step coverage [127]. The
MOCVD method is capable of depositing a very thin gate with better electrical iso-
lation and reduced leakage current [128—132]. Metal-alkoxide precursors are used
more than thermally stable metal-diketonate precursors [133—135] in the MOCVD
process. Figure 5.10 shows a picture of a MOCVD system designed to grow high
quality dielectric films.

The system has a multizone infrared (IR) lamp as the heating system combined
with substrate rotation capability. The unit can handle a 200 mm wafer and can
maintain uniform temperature across the substrate (within £ 0.5 °C).

Figure 5.11 shows a 3-D reactor [136], which has a thermally stable cold wall
reaction chamber with load lock, and rf plasma process capability. The base pressure
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Fig. 5.10 An MOCVD
reactor for thin film
deposition (Courtesy
AIXTRON, AG, Germany
[136])

Fig. 5.11 A three-
dimensional MOCVD system
to grow thin films of
dielectric materials of very
high quality (Courtesy,
AIXTRON, AG, Germany
[136])
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of the chamber can achieve less than 1072 Pa, and is provided with a water cooling
system for the wafers. The unit is capable of depositing a void free blanket of Cu-
film using hexafluoroactylactone venyl tetramethylsilane as a precursor [137-139].
The deposition rate and the resistivity of the deposited film are reported to be
dependent on the carrier gas, processing temperature, and texture of the substrate
[140-142].

5.7 Low Temperature Thermal CVD (LTTCVD) System

Low temperature thermal CVD (LTTCVD) has been successfully used to deposit
metallic copper and its compounds like tri-alkylphosphine (cyclopentadienyl) cop-
per (I), or acetyl acetonate, or alkoxide complexes, for multilevel conformal metal-
lization in nano-size devices [143-148].

Figure 5.12 shows an LTTCVD reactor, which has been used to deposit 1.5 pm
thick Cu-film inside a 0.7 wm wide and 2.0 pm deep trench. The film resistivity is
found to be around 2.0 p2-cm (compared to the bulk resistivity of copper ~1.68
pn€2-cm). The growth rate and the substrate temperature are maintained between 200
and 2000 A/min and below 200 °C, respectively. However, by limiting the rate of
mass transport of the precursor and increasing the substrate temperature a smoother
film can be grown. Figure 5.13a shows a scanning electron microphotograph (SEM)
of a 1.5 pm thick copper film and Fig. 5.13b shows the SEM of the deposited copper
film over a tungsten seed inside the trench.

Capacitance Gas-conduction
manometer wafer chuck
\ Residual
gas
] analyzer
H<_— Sampling
A - oritice
i Oilgon Wafer Throttle
gun valve
- ]
— Turbo
pump
Precursor
reservoir

Fig. 5.12 Schematic of a low temperature thermal CVD reactor used for copper deposition (Cour-
tesy of IBM Research, [143])
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(a) (b)

Fig. 5.13 (a) SEM image of a copper film (1.5 wm) inside a trench of 0.7 pm wide and 2.0 pm
deep; (b) SEM image of a copper film deposited over a seeded tungsten film (Photo courtesy, IBM
Research [111])

5.8 Atomic Layer Deposition (ALD)

Atomic layer deposition (ALD) is also called atomic layer epitaxy [149], which uti-
lizes sequential precursor gas pulses (homoleptic N, N'-dialkylacetamidinato metal
compounds) and reactant gas (mostly hydrogen) to deposit stepwise monolayer
films. Most of the flow-type reactors operate at pressures from 1 to 20 mbar.

Figure 5.14 illustrates the possible chemisorption mechanisms in an ALD system
[150]. The growth rate of the ALD process is very slow (~0.5 A/cycle, when the
metal dose is 4 x 107 mol cm™2 and H, dose is 3 x 107° mol cm™2) [151, 152]
which is a disadvantage for the system to grow thick films. However, the operational
temperature is lower than in the CVD process.

eece’ o0
1 — .5
sy m e
1. Surface of the substrate 2. First precursor molecules 3. Second precursor molecules
4. Un-reacted molecules 5. Deposited monolayer

Fig. 5.14 The possible chemisorption mechanisms in an ALD system: (1) surface of the sub-
strate; (2) first precursor molecules; (3) second precursor molecules; (4) unreacted molecules; (5)
deposited monolayer

Figure 5.15 shows a schematic of an ALD system with all accessories (gas deliv-
ery systems, speed valves, and vacuum pump). The precursor gases in the vapor state
flow past the substrate resting on a susceptor, which in turn is heated by resistive
coils. The number of monolayers deposited on the substrate surface after reactions
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Fig. 5.15 Schematic of an atomic layer deposition system (Reprinted with permission, Wiley-
VCH [124])

Fig. 5.16 The inside of a
chamber of a commercial
ALD system (Reprinted with
permission, Semiconductor
International, Oct. 2001,
p-52)

will depend upon the number of precursor cycles [153]. Figure 5.16 shows the depo-
sition chamber of a commercial ALD system.

The ALD process has successfully demonstrated atomic layer deposition of many
metals, e.g., Cu, Ta, Ti, W, Co (Fig. 5.17) and their compounds within increas-
ingly narrow trenches and via-holes needed for filling the damascene architecture
[154-156, 151]. The resistivity of a >60 nm film grown by the ALD process shows
near bulk values of the metal [157]. ALD is currently being used to deposit high-K
gate oxides and diffusion barriers for back-end interconnects [158-159].
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Very recently plasma enhanced (PE) ALD has been used to deposit TaN films at
260 °C using tert-butylimidotris diethylamido tantalum (TBTDET) and hydrogen
radicals (rf plasma 13.56 MHz, power 100 W) [160]. TaN films deposited by the
PEALD method have shown lower resistivity, and higher growth rate than the con-
ventional ALD method. Figure 5.17 shows the conformal step coverage with < 15 A
TaN film grown by the ALD method.

Fig. 5.17 Conformal step coverage with <15 A ALD TaN film (Reprinted with permission,
Applied Materials, Santa Clara, CA)

5.9 Plating

5.9.1 History of Electroplating and Printed Circuit Boards (PCBs)

The first electroplating of metal was reported in early 1800. An Italian chemistry
professor, Luigui Brugnatelli, wrote, I have lately gilt in a complete manner two
large silver medals, by bringing them into communication by means of a steel wire,
with a negative pole of a voltaic pile, and keeping them one after the other immersed
in ammoniuret of gold newly made and saturated. There is no doubt that the plating
industry was thriving long before the printed circuit board (PCB) was introduced on
the market (as the metal finishing industry for ornaments and other decorative mate-
rials) [161-162]. However, renewed interest in plating technology has increased
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enormously since the copper damascene process was introduced into the IC market
by the semiconductor industry [163—-164].

Conventional techniques (DC bath chemistry, air surging, rotating disk electrode
(RDE), oscillatory motion of the cathode) have resulted in non-uniform copper plat-
ing inside via holes especially when via holes are in the submicrometer range and
the aspect ratio (AR = length/width) reaches six or more. Plating technologies
are mainly grouped into two categories, namely electroplating and electrodeless
(electro-less) plating. In the electroplating (electrode-plating) system, plating is usu-
ally done by applying a current through the electrodes dipped into a solution called
an electrolyte. However, in electro-less (electorde-less) plating no external electrical
energy is needed to deposit the film.

5.9.2 DC Bath Chemistry

Electroplating is a process of electro-deposition of an adherent material on an elec-
trode by applying direct current (dc) to the electrolyte. The temperature of the
bath plays an important role in the conductivity of the bath, current efficiencies,
and achieving morphology of the plated material and stability of the electrolyte
[165-167]. The electroplating process requires an electrically conductive surface to
promote nucleation and growth of the film [168-169]. In an all-cupric bath (con-
taining copper sulfate), the cathode efficiency is practically 100%, while in cyanide
copper baths the efficiency can be recovered from 50 to 100% with free potassium
salt. The cupric bath typically carries 250 g/L. copper sulfate solution (CuSOy :
5H,0) and 75 g/L sulfuric acid (HySO4). Copper ions (Cu**) are deposited on the
cathode, and sulfate ions (SO4~ 7) are deposited on the anode. The amount of copper
deposited on the seed plate (metallic cathode) is proportional to the magnitude and
duration of the current flow.

Figure 5.18 shows a simple laboratory setup for electroplating copper (Cu) from
copper sulfate (CuSQOy) solution. In the copper damascene process the cathode is a
thin layer of copper — called a seed [170]. The problems with the conventional plat-
ing technique are insufficient transfer of cupric ions and the presence of air bubbles.
These effects are mostly related to solution hydrodynamics [171]. Several methods,
like PVD, CVD, ALD and electro-bath deposition technologies, have been tried to
deposit a void free seed layer [172—174] during the Cu-damascene process.

Plating inside through-holes and crevices is critically important and it is difficult
to achieve with conventional plating technology. In order to maintain the concen-
tration of the solution and a better mass transport through the small via-holes or
trenches, the solution (electrolyte) is provided with air sparging, and occasionally
augmented by forced circulation through a pump [175-179]. The polarization
curves for stationary electrodes indicate that because of limited current density, air
sparging alone is not sufficient to plate via holes or trenches uniformly, especially
when aspect ratios are high. The limitation can be removed by rotating the elec-
trodes during deposition, which partially avoids mass transport current limitation



5.9 Plating 245

_ Power _

eyl supply }¢

- =

+ M| + = M=

+| [+ - |-

Anode =1 |+ —|T= Cathode

M M

+| [+ -1 |-

+| [+ M M_L|-

+ [Mf + — |M|—

+| |+ =t [ Electrolyte

+| |+ = |-
M M

+| |+ - |-

+ 4+ -=-

\_ J

Fig. 5.18 A basic experimental setup for electroplating copper from copper sulfate solution

[180-182]. However, the construction of hydrodynamic electrodes for reproducible
mass transfer condition is more difficult than stationary electrodes.

5.9.3 Electroplating of Copper Inside Damascene Architecture

Modified bath chemistry: Conventional electroplating used in printed circuit boards
(PCBs) with air surging and a rotating disk cannot be used for conformal copper
fillings in the Cu-damascene architecture. Experimental observations supported by
bath chemistry theory identified inclusion of additives in the conventional bath,
called suppressor, levelers, and accelerator. Figure 5.19 shows a commercial elec-
troplating unit.

The suppressing polymer (suppressor) is a surfactant or wetting agent (sometime
also called a carrier) and can be a long chain polymer such as polyethylene glycol
(PEG) or co-polymers of polyoxyethylene. The second additive, the leveler (also
called a grain refiner or over-plate inhibitor), is a high molecular weight polymer,
with amine (-NH3) or amide (-NH>) as the functional group [183]. Mostly, levelers
suppress current at locations where the mass transfer rate is most rapid, and adhere
preferentially to highly charged areas such as corners and edges to prevent over-
hang at the mouth of the trench or via [184]. The accelerator accelerates the current
relative to the suppressor and the unsaturated compounds containing a polar sulfur,
oxygen or nitrogen as functional group (3-mercapto-propane sulfonate (MPSA))
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Fig. 5.19 A commercial electroplating process unit (Photo courtesy Novellus Systems, Inc.)

Fig. 5.20 A copper bath
control machine (Photo
courtesy ECI technology, NJ)
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[185-186]. In addition to the additives mentioned earlier, chlorine (Cl°), an inor-
ganic additive is also added to the bath. The theory of additives is based on the
adsorption of the additives at the metal-electrolyte interface reducing the active area
and thereby inhibiting the metal reduction process. Since the inhibitor concentration
is diluted (10~ to 10~ mol/L) the adsorption process is typically a diffusion limited
phenomenon [177].

Electroplated copper (EP-Cu) shows higher resistivity than bulk Cu, because of
dislocations, vacancies, impurity atoms, and/or second phase particles, and scat-
tering from the grain boundary [187-188]. X-ray diffraction (XRD) studies reveal
recrystallization and grain growth of EP-Cu at room temperature that reduce the
density of the grain boundary and resistance of the film. Figure 5.20 shows a copper
bath control machine, used to control the additives and the electrolyte. Commercial
multi-sample programmable systems are being used during electroplating of copper
inside a via-hole or trench.

5.10 Process Chemistry for Superconformal Electrodeposition
of Copper

During the Cu-damascene process the trench or via geometry results in a lower flux
of the inhibitor to the bottom of the features than to the external surface. Conse-
quently, the metal deposition kinetic proceeds more rapidly at the bottom of the via
hole and trench which results in superconformal filling [189].

The bottom filling (or super-filling) process technology has been the primary
driving force for deposition of diffusion gradient suppressing polymers [190]. The
filling mechanism has been explained on the basis of the accumulation of the accel-
erating active species like SPS-bis (sodium sulfopropyl) di-sulfide and its product,
such as MPSA (marcaptopropane sulfonic acid) [191-192]. The reduction of SPS
to MPSA provides a possible catalytic pathway for Cu-deposition through the for-
mation of cuprous thiolate [193].

Figure 5.21 shows the possible profiles of plated copper. In conformal plating,
a deposit of equal thickness of metal layer at all points may lead to the creation of
a seam or void. On the other hand, subconformal plating will result in substantial
depletion of cupric ions in the plating solution inside the feature, which will cause
the current to flow preferentially to more accessible locations outside the feature.
When the depth of the feature size is large (>50 wm), non-uniformity in the distri-
bution of current is noticed due to the ohmic drop in the electrolyte [194].

From the above figure we can see that the subconformal situation leads to the
formation of voids [195] inside the trench or via, whereas conformal deposition of
equal thickness in the beginning leads to the creation of a seam. Superconformal
plating, on the other hand, leads to a deposit of equal thickness at all points of
a feature [177, 196]. Therefore, in order to attain defect free plating, the plating
process should be controlled in such a way to achieve superconformal filling.
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Fig. 5.21 Types of profile in Early stages of plating Late stages of plating
damascene plating ([190]
Courtesy of IBM research)

Subconformal Void
N N AR \
Conformal Seam
g N
Superconformal Defect-free

(“superfilling”)

5.11 Electrochemical Mechanical Deposition (ECMD)

In the Cu-damascene process, electrochemically deposited copper (ECD) employs
chloride ions, a suppresser, and an accelerator to promote smooth filling of high
aspect ratio (AR) via holes and trenches. It has been observed that as copper is
being deposited inside the small structures, the additive gradient gives rise to accel-
erated growth of the film from the bottom of the feature causing voids. During small
feature filling, bumps are produced due to overfill, which is interpreted as an over-
plating phenomenon. The overfill is generally avoided by using levelers. However,
when the feature has a large step, overfilling cannot be avoided simply by using
levelers.

Recently, a novel electrochemical mechanical deposition (ECMD) process has
been developed to deposit planar conductor films on a non-planar surface with min-
imum dishing and erosion [197-198]. The process involves simultaneous plating
and polishing/sweeping of the wafer surface. This gives rise to bottom-up filling
phenomenon even in the lowest aspect ratio cavities [199-200]. A schematic of the
ECMD system is shown in Fig. 5.22.
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Fig. 5.22 Schematic of an
ECMD cell (Courtesy of
ASM International, NV)
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5.12 Influence of the Seed Layer on Electroplating

Experimental evidence shows that the growth of electroplated Cu is highly depen-
dent on the characteristic of the underlying seed layer. A smooth <111> textured
seed layer will help to grow a smooth and <111> textured electroplated Cu-layer.
On the other hand, any impurity or surface defect will be detrimental to the growth
of <111> texture. Moreover, the presence of any oxide layer on the seed may form

Fig. 5.23 The seed profile inside a submicrometer trench (Reprinted with permission, Novellus
Systems Inc.)
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highly resistive black copper, which will affect the equivalent resistance and adhe-
sion of the EP-copper.

Figure 5.23 shows the influence of the seed profile on copper filling inside
a trench. Combined feature and seed profile can produce discontinuous and/or
agglomeration of copper filling. When the seed layer grows non-uniformly, it can
form a narrow and naked opening in the trench, and can lead to the creation of a
seam, which is shown in Fig. 5.23a. On the other hand, Fig. 5.23b shows the gener-
ous opening of the trench due to uniform surface deposition of the seed layer. This
results a uniform copper deposition over the trench.

5.13 Electroless Deposition of Copper

Controlled auto-catalytic (once there is an initial layer of metal, the reaction con-
tinues indefinitely) deposition of thin metal film by the interaction of metal salt
in the presence of a catalyst can be categorized as electroless (or electrode-less)
plating. The metal to be deposited (at present copper) reacts in the presence of the
reducing agent and deposition does not require a conductive surface to nucleate
the film. The disadvantage of electroless deposition is that the bath is generally
smaller and the deposition is not thermodynamically stable. Thus the plated area
becomes overactive and decomposes when it stays for a longer time inside the solu-
tion. Under proper deposition conditions, the over-potential is large enough to resist
any reversible reactions [201-202].

One of the most commonly used bath for electroless deposition of copper consists
of 10 g/L CuSO4: 5H;0, 50 g/L of potassium sodium tartarate, 10 g/L of sodium
hydroxide, and 9.5 g/L of formaldehyde. To deposit a smooth and well-adhered
film, a solution of palladium (Pd) in 0.1 wt% of PdClI ; and 0.1 wt% HCI (12 M)
is added to the solution as a catalyst [203]. Since sodium or potassium bearing
compounds have a detrimental effect on silicon, a well mixed solution of CuSOg4
(25 g/L), HCHO (1 mL/L), with a surfactant (GAFRE, 610, 250 mL/L) in tetram-
ethyl ammonium cyanide (1 mg/L), is considered to be a better choice for electroless
Cu-deposition over silicon wafer. For better performance of the film, chemisorption
of palladium (Pa) is performed in the presence of tin chloride (SnCl,) which acts as
a sensitizer [204]. In order to break up the chain of tin chloride shell, an accelerator
(hydrochloric acid, HCI) is added in an appropriate proportion. However, according
to some experts, PdSO, will be a better choice for Pd” ion as a catalyst instead of
PdCl, [183, 205-211].

In recent years electroless deposition of copper (Cu) for the seed layer over
the Ta/TaN barrier layer has emerged as one of the most efficient and easy ways
to deposit conformal and void free seeds inside the small trenches and via holes
[212-213]. The electroless deposition method has also been successfully applied to
deposit CoWP alloys for cap layer in the Cu-damascene architecture by the addition
of tungsten (W) ion into Bremer’s chloride bath [213].
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It is believed that the electrical behavior of electroplated copper (EP-Cu) film is not
only dependent on grain size but also on the stress of the film [214]. It is also true that
the stress and orientation of the seed layer have a great influence on the grain size
of the blanket EP-Cu layer [215]. Stress in the Cu-seed layer may be due to agglom-
eration and annealing. However, annealing at high temperature (~400°C) shows a
relaxed and stress-free EP-Cu layer [216]. Figure 5.24 shows cross-sectional (SEM)
via images showing (left to right) agglomerated seed coverage, metal profile fol-
lowing partial fill by electroplating, and the final fill result following electroplating.
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Fig. 5.24 Cross-sectional SEM via images showing (left to right) agglomerated seed coverage,
metal profile following partial fill by electroplating, and final fill result following electroplating
(Reproduced with permission Novellus System)

Copper (Cu) interconnects show better mechanical properties, such as Young’s
modulus, yield strength, and ultimate tensile strength than aluminum (Al) intercon-
nects. However, the higher Young’s modulus of copper causes a higher film stress for
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a given strain, and as a result the adhesion loss is noticed sooner in Cu-interconnects
compared to Al-interconnects [217-218].

At room temperature, due to self-annealing, EP-Cu develops stress during its
growth from the electrolytic solution. Self-annealing drastically changes the yield
stress, oys (0ys = 180 +0.262 d~ 112 where d is the grain size in microns) [219-220]
of the electroplated (EP)-Cu layer. It is not unlikely that stress in the Cu-interconnect
might have been induced due to the stress relaxation of the seed layer.

For instance, when the seed layer is in stress, the stress within the EP-Cu layer
increases linearly (from 22 to 32 Mpa). Many methods have been suggested to sup-
press stress in Cu-interconnects from time to time. Most of these involve either alter-
nate geometries of the line layout and via structure, change of dielectric material
underneath to improve passivation, and/or optimizing the thermal cycling process.
In addition, it has been theorized that inclusion of a small amount of metal in Cu-film
during electroplating and its subsequent segregation at grain boundaries by thermal
treatment can suppress stress agglomeration of the Cu-seed layer, which ultimately
may lower the stress condition of Cu-interconnects.

The other forms of stresses that are noticed within a thin film are thermal stress
and stress due to phase transformation. The former originates due to the difference
of coefficients of thermal expansions (CTEs) of the deposited film and the substrate.
It has been observed that the film inside a trench or via hole experiences more ther-
mal stress with significant triaxial component, in contrast to the predominantly biax-
ial state in blanket film [221]. Encapsulated at high temperature Tj, triaxial tension
will be developed upon cooling due to thermal misfit strain (o, —0q ) (To — T), where
am oq are the thermal expansion coefficients for metal and silicon die, respectively.
A similar effect can also be noticed for the metal line embedded within a dielectric.

We know that both stress induced voiding and electromigration (EM) are diffu-
sion driven phenomena. They share some similarities like interfacial diffusion and
are sensitive to the same kinds of process defects. However, there are a couple of
key distinctions. Unlike EM a stress induced void is not simply a thermally activated
diffusion process. The work of Suo [215] shows that the stress induced void lifetime
(tiife) for a long metal line can be written as:

(tite) o< [1/B{(atm — aa)(To — T)}*1exp (Q/kT)
where

B = The effective bulk modulus of the interconnect
QO = Diffusion activation energy

K = Boltzmann constant

T= Absolute temperature.

The phase transformation related stress, on the other hand, is observed when
the film during deposition changes its phase, e.g. in Ta and TaN films [222-223].
Experimental evidence also shows that a TaN layer forms a very good barrier layer
for Cu but during annealing, stress in the Cu-seed layer is seen to be higher on the
TaN or Ta layer compared to the TaN/Ta bi-layer or on the TaSiN barrier layer [214].
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The advantage of copper interconnects in integrated circuits is mostly its higher con-
ductivity and electromigration resistance compared to aluminum. The small features
are mostly beneficial for high performance microprocessors and fast static random
access memory (FSRAM). But deposition and processing of thin film inside small
vias and trenches are becoming very difficult. However, the Cu-damascene process
has potentially reduced the manufacturing cost by eliminating some of the labor-
intensive steps required for subtractive aluminum interconnecting process. Indeed,
use of the dual-damascene process flow allows construction of a multilevel Cu stack
with potentially fewer steps for processing. It is unique among copper deposition
methods (electroplating) because it allows filling of high aspect ratio (AR) features
from the bottom up, avoiding the introduction of a center seam or void. But vis-
cosity of the electrolyte has an impact on ion migration, which must be diffusive,
migratory, or convective. As a matter of fact, use of organic additives (suppressors,
levelers, and accelerator) in the electrolyte has addressed all of these. There is no
doubt that the success of plating to fill high AR features is built upon the achieve-
ment of successful nucleation followed by accelerated Cu deposition [224-226].

As the choice of metal changes from titanium (Ti) to tantalum (Ta) or from tita-
nium to tungsten (W), deposition technologies also shift from CVD to PVD, or
from CVD to ALD. As the dimensions of the films are decreasing, electron scatter-
ing from the grain boundaries and defects during deposition becomes problematic
in that it leads to higher effective resistance of the Cu-interconnects. Solutions could
include larger grain size, reduced defects during deposition, and achieving an atom-
ically smooth surface.

Conventional physical vapor deposition (PVD) for thin film deposition inside
small dimension via-holes and trenches is not adequate. As a result a modified
IPVD system has been introduced. On the other hand, for very thin film deposition,
most promising ALD can provide thinner and stoichiometric film depending on the
choice of precursors. But some precursors used in ALD can lead to excess carbon
deposition and yield high resistive film. A similar situation has been observed with
MOCYVD, which is operated at a low temperature.

As clock speeds increase and feature sizes decrease, the need for dielectric mate-
rials having lower K values than conventional SiO, becomes paramount [227]. Most
of the low-K materials that are showing promise for the Cu-damascene process
generally have lower modulus and hardness, higher coefficient of thermal expan-
sion, lower cohesive strength, and weaker adhesion compared to the conventional
oxides. The properties usually get worse when pores are introduced to lower the
K further. As a result, many of these low-K materials present the challenge of reli-
ably creating a top metal gate [228]. Besides sputtering, porous films may allow the
metal from Cu-interconnects to penetrate and short the capacitor stack. As a result,
low-temperature operated CVD, and room temperature operated spin-on coating
methods, are gaining momentum for the deposition of dielectric materials, although
sealing of the porous low-K materials with poly-xylene and other materials has given
better results.
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Grain growth of the Cu-layer during deposition is another phenomenon, which
is not desirable. It has been observed that in both fiber type PVD-copper (Cu) and
pebble type EP-copper films, grain growth takes place at room temperature. Reduc-
tion in grain boundary, surface and interface energy, and strain energy are the driv-
ing forces for grain growth in electroplated (EP) Cu film beside self-annealing.
It has been observed that room temperature re-crystallization (self-annealing) of
EP-Cu film can bring 25-30% reduction in electrical resistance and relaxation of
compressive stress [229].

Surface energy reduction favors <111> oriented film whereas <200> textured
film is noticed if the strain energy becomes the dominating factor. Thus, one can
say that the textural change during grain growth will indicate whether the film is
under stress or not. In general, stresses in thin films can be relaxed by multiple
mechanisms, such as: dislocation plasticity [230], diffusion creep [231], and void-
ing. Experimental studies on stress related phenomena show that tensile stress is
responsible for cracking whereas compressive stress can delaminate the film from
the substrate.
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Chapter 6
The Copper Damascene Process and Chemical
Mechanical Polishing

6.1 The Copper Damascene Process

6.1.1 Introduction

The American Heritage Illustrated Encyclopedic Dictionary defines damascene as
a native inhabitant of Damascus (Damaskus), which is a major city in the north-west
of Syria. The word Damask means patterned silk fabrics woven in Damascus, a city
notable for manufacturing and shipment of damascened steel sword blades, which
were exceptionally hard and resilient. In French, damascene is damas quiner means
to decorate in the manner of Damascus blades or steel from Damasquine of Dam-
ascus. Thus the word damascene can be taken literally as the process of decorating
a metal with wavy patterns of gold or silver. However, in integrated circuits (ICs)
the damascene process means an elegant technique of inlaying metal (copper) for
interconnect which avoids the complicated process of metal etching.

Figure 6.1 shows the cross-section of an interconnect structure created by: (a) the
subtractive aluminum process and (b) the additive dual Cu-damascene process. The
damascene process can be either single damascene (SD) or dual damascene (DD)
which are illustrated in Fig. 6.2.

Figure 6.3 shows a tungsten plug that connects silicon to metal using a single-
damascene process. The difference between the simple single damascene (SD) pro-
cess and the simple dual damascene (DD) process is that in the DD process one
metal deposition step and one CMP step are eliminated (as well as the dielectric
deposition step). The reduction in the number of processing steps has made DD
more attractive than its twin single damascene process. In the SD process the plugs
are typically tungsten (W), whereas in the DD process via holes are filled mostly
with Cu though some industrial houses have used Al in the DD process. Figure 6.4
shows a commercial ASIC product fabricated by the Cu-DD process following
130 nm-node technology. The introduction of low-K and Cu-interconnects in the
damascene process and with an effective gate length of 80 nm for a MOS device, up
to 30% faster computer speed and performance and up to 50% reduction in power
have been achieved.

The damascene process consists of etching a trench in the dielectric layer and
filling up the trench [1-2] with a barrier layer to stop Cu-diffusion and subsequent
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Subtractive Aluminum Copper Dual Damascene Cross-Section
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Fig. 6.1 The cross-section of (a) subtractive Al-metallization and (b) additive Cu-damascene pro-
cess (Reprinted with permission Novellus Systems Inc.)
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0.18 pm COOPER PROCESS

Fig. 6.3 A tungsten plug that connects silicon to metal using a single damascene process
(Reprinted with permission, Semiconductor International , June 2000, p. 96)

Fig. 6.4 A MOS transistor structure fabricated by following the dual damascene process (Photo
courtesy IBM Research)

deposition of the Cu-seed layer as a nucleation center for the electroplated Cu
[3]. Finally, the overburden metals are removed by chemical mechanical polishing
(CMP). There are five main dual damascene techniques under study though only two
principal modes, via first and trench first, are currently in mainstream production.
With each of the two approaches, a SiC or Si3Ny hard mask is used to provide an
etch stop (ES) — appropriately called embedded via first or embedded trench first [4].
In general, the addition of an embedded hard mask can simplify the etch process by
providing an ES during trench formation. Figure 6.5 shows the double damascene
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Fig. 6.5 A dual damascene architecture showing the different materials in the unit structure (Photo
courtesy, Peter J. Wolf)

unit with different materials embedded in the structure. The clever engineering of
the Cu-damascene unit with different layers has fortified the successful operation of
the IC with the common goal of achieving the speed of the device.

Damascene processes were developed when efforts to develop an effective Cu-
etch process failed. The main theme of the damascene process is to integrate Cu in
the integrated circuit (IC) to reduce the RC effects of the interconnects. In addition
to the use of copper as interconnecting metal, the damascene process requires incor-
poration of new and often exotic low-K interlevel and intralevel dielectric materials,
because conventional dielectric silicon dioxide (Si0») cannot meet the requirements
of the sub-100 nm device [5-7]. As a whole, the damascene architecture has intro-
duced borderless contact via, a decrease in process induced damage regarding the
front end part of the line, which addresses soft plasma processes for either dry etch-
ing, cleaning or material deposition, improvement in performance (speed) of the
devices and fine line structure. As a matter of fact, copper damascene processes can
fabricate Cu-interconnecting lines less than 1/1000th of the width of a human hair.

Figure 6.6 shows etched holes (trenches) covered by metal during damascene
processing [8-9]. The overburden metal layer is polished following chemical
mechanical polishing (CMP). In September 1977 the copper damascene process
was introduced and in 1999 production and shipment of devices were reported.

6.1.2 Conventional Metallization Technology

The back end process for interconnecting the transistors are done first by contact-
ing the transistor terminals. Later on, different vertically stacking alternate layers of
metals, wires, and via holes etc. are connected. The whole operation is performed
at a temperature not exceeding 400 °C. The state of the art of the 250 nm tech-
nology for conventional aluminum (Al) metallization follows the back-end process
where, generally, five levels of metal wires and tungsten via holes are embedded in
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Fig. 6.6 Damascene process application (Photo courtesy of IBM research)

the silicon dioxide (SiO;) dielectric layer, and the whole process is known as the
Cloisonné process.

The SiO; (dielectric layer) is deposited by the PECVD method with tetraethyl
orthosilicate (TEOS) precursor at 350400 °C [10]. The oxide is patterned following
lithography and titanium (Ti), and titanium nitride (TiN) are deposited sequentially
by the PVD method (sputtering). Tungsten (W) metal is then deposited by the CVD
method at 425-450 °C by reduction of tungsten hexafluoride (WFg). The metal lines
overhanging at the surface of the via hole are polished by a chemical mechanical
process (CMP). After via contact, Ti, Al (alloy), and TiN are deposited without
breaking the vacuum. The Ti over- and under-wiring is used as a base layer for good
adhesion [11-13], and low contact resistance to underlying via holes. TiN film, on
the other hand, forms the cap layer to the metal stack to minimize reflectivity, and
facilitate control of fine structures during lithography (Fig. 6.7) [14].

Following the 250 nm back-end process, a production level multilevel compli-
mentary metal oxide semiconductor (CMOS) device for high performance logic cir-
cuits has been fabricated [15]. The circuit consists of five levels of Al (alloy) wires
with tungsten in via holes (as plugs/studs) embedded in SiO, (Fig. 6.8).

As the state of the art of the 250 nm technology changed over to 100 nm and less,
aluminum (Al) interconnections could no longer support the sub-100 nm node tech-
nology, because of its physical limits. Indeed, the smaller line dimensions required
in denser microcircuits are not feasible using Al (alloy), because the interconnect
resistivity is simply too high (due to its interconnect cross-section). Moreover, the
number of metal multi-layers, the pitch, the thickness and width for 250 nm design
is longer applicable to sub-100 nm node technology [16] (Table 6.1).

6.1.3 Cu-Damascene Metallization Technology

According to the International Technology Roadmap for Semiconductors (ITRS),
the number of multilayers is expected to reach 10 by the year 2009. The other
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Fig. 6.7 Schematic of conventional aluminum alloy metallization process (Reprinted with permis-
sion, [14])

expectations of ITRS includes: (i) pitch ~50 nm, (ii) thickness <50 nm, and (iii)
aspect ratio ~2.5/2.3. As a result, Al metal interconnects and the W-via hole fill-up
are changed to Cu [17], and these changed the whole process technology of ICs
(introduction of barrier layer, low-K, and chemical mechanical planarization). The
present sub-100 nm fabrication process is based on damascene technology and is
known as the Cu-damascene (single or dual) process.

Figure 6.9 shows a schematic of a dual damascene (DD) process with copper
as interconnecting lines and via connection metal. In the dual damascene process
trenches and via holes can be opened in the dielectric layer to the underlying con-
ductor layer by various methods. They are mainly classified as (a) trench first, (b)
via first, and (c) buried-via or self-aligned. Each method has its advantages and dis-
advantages [4].
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Fig. 6.8 Cross-sectional view of a scanning electron micrograph of a CMOS device (Reprinted
with permission, Free-scale Semiconductor, Inc.)

Table 6.1 Interconnect design rules for 250 nm node technology

Layer Minimum pitch (nm) Thickness Wire aspect ratio
Metal-1 480 480 1.5:1
Metal-2 930 900 1.9:1
Metal-3 930 900 1.9:1
Metal-4 1600 1330 1.7:1
Metal-5 2560 1900 1.5:1

Reproduced with permission [14].

6.1.3.1 Different Approaches to Cu-Damascene Metallization

Figure 6.10 shows a schematic of the trench first filling procedure. The top sur-
face of the cap-layer (Si;Ny) is coated with photoresist (PR) and lihographically
patterned (2). Anisotropic dry-etch cuts through the surface hard mask (typically
plasma Si,N,) and down through the low-K dielectric, stopping on the embeded etch
stop layer. The photoresist is then stripped, leaving behind a trench in the inter-level
dielectric (ILD) (Fig. 6.3). The photoresist is again applied to the wafers and litho-
graphically patterned (Fig. 6.4). The via etch then cuts through the embedded etch
stop layer down through ILD, to the final silicon nitride barrier located at the bot-
tom of the via (Fig. 6.5). The bottom barrier is then opened with a special etch and
photoresist is stripped (Fig. 6.6). A thin barrier layer of Ta/TaN is deposited by the
PVD/ALD method, which forms the barrier lining for copper. A copper seed layer is
then deposited (ALD/PVD/elecroless) prior to the bulk deposition of copper by the
electrochemical plating (EP) method [18]. The copper is polished back using CMP
and Si,N, is deposited on the top to encapsulate the Cu-layer.
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Fig. 6.10 Trench first approach (Reprinted with permission Jerry Healey, 2001)

The major drawback of the trench first approach is that after the trench is etched,
the PR that is applied for the via step will completely fill the trench (4). As a result,
the PR can be said to be pooled in the trench, leaving an extra thick resist layer right
in the area where via holes are to be patterned. This creates a difficult situation to
fabricate fine structures for via holes. Thus, for feature size of less than 250 nm, the
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Fig. 6.11 Via first approach (Reprinted with permission Jerry Healey, 2001)

trench first process is not a reliable, and the via first approach has been accepted
widely in the industry.

Figure 6.11 presents the via first procedure. In this methodology the wafers are
first coated with photoresist and then lithographically patterned (Fig. 6.2). Next, an
anisotropic etch is performed to cut through the surface of the hard mask extend-
ing down through the ILD, the embedded etch stop, and finally stops on the bottom
silicon nitride barrier. It is of primary importance that the via etch does not break
through this bottom layer. Otherwise, the via etch will sputter the copper located
beneath the barrier up into the unprotected via hole. This will lead to the diffu-
sion of Cu-atoms into the ILD and ultimate device failure. Next, the via photoresist
layer is stripped (Fig. 6.3) and the trench photoresist is applied and lithographically
patterned. Some of the photoresist will remain in the bottom of the via (Fig. 6.4),
and prevent the lower portion via from being over-etched during the trench etch
process.

An anisotropic etch is then performed which cuts through the surface hard mask
and down through the ILD, stopping at the embedded hard mask. This etch will
form the trench. The photoresist is then stripped and the silicon nitride barrier at the
bottom of the via is opened (Fig. 6.6) with a very soft, low-energy etch that will
not cause copper to sputter into the via. Finally, the tantalum, copper seed, and bulk
copper are deposited and planarized using chemical mechanical polishing (CMP).

Figure 6.12 shows the self-aligned or buried via approach, where lithographically
the via pattern is created in the embedded Si,N,, etch stop (1). After the via pattern is
etched and cleaned, the top dielectric layer is deposited. Finally, the trench mask is
aligned to the via openings in the embedded Si,N, layer, and both the trench and via
are opened with a single etch step (3). The process requires simultaneous alignment
of the via and trench and perfect alignment is very difficult and challenging. In
addition, the etch process requires high nitride to oxide selectivity. For these reasons
the self-aligned process has not been adopted for production.
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Fig. 6.12 Self-aligned approach (Reprinted with permission Peter J. Wolf)

Table 6.2 Comparison of different etch process of dielectric layer during DD process

Etch process Advantages Disadvantages

Buried etch stop  (a) Separate via fill materials are not  (a) Large thickness variation during

required patterning resist
(b) Bulk ILD etch is accomplished in  (b) Selectivity of the etch process is
one step critical
(c) Multiple hard mask layers effect
low-K value
Via first (a) Plasma deposition, CVD , ILD and (a) Etch strip residue can stick at the
hard mask can be applied within base of the trench pattern
single cluster tool
(b) First hard mask is not required (b) To reduce shadow masking etch

rate is high
(c) ILD requires only single spin coat  (c) Etch breakthrough step may
require via fill material or BARC
(d) Best resolution and CD control can
be achieved easily

Trench first (a) CVD and plasma depositions of (a) Spin-on ILD layer requires
barrier layer, ILD and hard masks multiple passes
can be applied within single cluster
tool

(b) Multiple hard mask layers effect
low-K value

(c) Large thickness variation is
noticed during resist patterning

Table 6.2 shows three main dual damascene techniques that are frequently used
to deposit metal layer inside the Cu-damascene architecture and their advantages
and disadvantages.

6.1.4 General Objectives and Challenges

Following dielectric etch, via holes and trenches are lined with a conductive barrier
layer to prevent copper (Cu) diffusion. Barrier layer encapsulation is also required
to ensure that Cu does not diffuse through the surrounding dielectric material. Bar-
rier metals are generally more resistive to current when compared with Cu, and
thus the thickness of the barrier layer is kept to a minimum to preserve the effec-
tive conductive advantage of Cu over Al- metallization. As a whole the effective
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resistance of the barrier layer with Cu should be comparable to the Cu-line alone
and the Cu-layer should adhere well to the substrate (barrier). In addition, it should
not deteriorate during an effective cleaning procedure of via holes after dielectric
layer etching. During via etch, the underlying Cu-layer is exposed. Therefore, one
must be very careful to see that during cleaning no Cu-metal is re-deposited on
via-hole’s sidewalls.

The barrier layer is deposited inside the trenches and via holes before a thin seed-
layer of Cu is deposited by PVD/ALD as a nucleation layer for electroplated (EP)
Cu. The thin seed layer (10-15 A) should be free from voids and stress besides being
conformal.

Experimental evidence shows that PVD techniques, even with improved flux
directionality, are incapable of achieving void-free copper deposition. Most of
the time, cusping (Fig. 6.13b) is a common phenomenon observed after metal
deposition inside the trench. However, good trench filling has been demonstrated
through reflow after sputtering. A similar phenomenon has been observed during
superconformal-filling of Cu by electroplating method [18].

Fig. 6.13 (a) Formation of trench for the deposition of copper and (b) the formation of a deep
cusp above the trench (Reprinted with permission IBM Res. [18])

All three approaches described previously (trench first, via first, and buried via)
for creating damascene structures present difficulties. For example, with the trench
first approach, one has to get the resist down in the trench and then pattern the via
within the thick resist. It goes without saying that to open a pattern through a thick
resist layer is tricky and difficult. Another difficult question to answer is whether
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an intermediate etch stop (ES) layer is needed to define the trench. Without the
ES layer the trench edges can be etched rapidly leading to rounded edges. At the
same time, without the ES layer it is difficult to detect the real end-point which will
make the critical dimension (CD) and depth control of the trench extremely difficult.
Moreover, most of the ES layer materials have high dielectric constant (K), which
will significantly impact the overall effective capacitance of the stack.

In the via-self aligned process, good alignment of the trench with the via hole in
the hard mask can be extremely difficult. With misalignment the final etched via will
be a half-mooned shape. Above all, in practice, it is likely that different materials
will be used for the dielectric at the via level and the trench level. The via dielectric
is less critical from a capacitance perspective than the trench dielectric. Moreover,
some of the low-K materials contain carbon and hydrogen, which requires retuning
the process in order to meet the selectivity and etch requirements. The move to
the Cu-damascene process with low-K dictates a fundamental change in back-end
processing. The move particularly becomes challenging because the IC industry is
trying to move to a larger wafer size and smaller device geometry every year.

Advanced microprocessors require several (eight or more) levels of wiring to
carry signal and power from transistor to transistor and to the outside world. The
dual damascene approach to fabricating these interconnected structures creates a
wiring level and via level simultaneously, thereby reducing the total number of pro-
cessing steps. However, the dual damascene strategy still requires at least 20 process
steps to complete wiring. Recently, some IC industries are thinking of replacing the
photolithography work involved in the damascene process by step and flash imprint
lithography (SFIL) [18].

6.2 Chemical Mechanical Polishing (CMP) and Planarization

6.2.1 Introduction

Planarization is the smoothening of topography over the product die to allow each
successive layer to be formed over a flat surface. Device planarization, on the other
hand, is the reduction of vertical height during subsequent processing steps, and
has come into integrated circuit (IC) technology’s forefront as the geometry of the
devices began to shrink. Planarization is most critical during the back-end processes
where metallization and dielectric layers are used. If the resist material does not
cover severe topology, it would have been much easier to image a fine line on a
planar surface and to employ anisotropic pattern etch [19]. The main techniques
available for planarization of a device surface can be categorized into two basic
types: (a) dielectric planarization and (b) metal planarization.

The planarization may be local or global. Local planarization is generally done
by repetitive bulk deposition of dielectric materials followed by isotropic etch,
whereas global planarization is achieved by bulk deposition followed by chemical
mechanical polishing (CMP).
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In conventional subtractive aluminum (Al) metallization, different modes of pla-
narization are adopted according to the type of device and the material on which
planarization has to be performed. During local oxidation growth, considerable
planarization is achieved because of the thickness of the oxide layer (~10,000-
20,000 A). To etch a window through the oxide layer, either dry etching or wet
chemical etching method is adopted. The wet etching system is mostly isotropic
(which etches all sides equally), and results in a circular contour. The other meth-
ods that are applied to achieve planarization are photolithography and taper control.
Photoresist work will be dealt in this book in a separate chapter. Taper control,
on the other hand, is performed either by means of inactive ion implantation (with
argon gas), or using a low melting point glass (phosphor silica glass, PSG) [20-22].

In the Cu-damascene process surface planarization of the inter-level dielectric
material is the key technology to realize the multi-level interconnection structure.
It involves several approaches, such as etch back, spin coating of glass or organic
films, and bias deposition [23]. The etch back process is claimed to provide a very
flat dielectric surface all over the device area independent of the shapes and sizes of
the lower level metal. The planarization technology is capable of providing three or
more levels of interconnections with sub-micrometer metal lines.

To achieve a higher degree of planarization, several methods are being used, such
as polishing the front surface of the wafer with an abrasive slurry mixed with chem-
icals, zapping it with a laser [24-25], and re-flow of materials like boro-phosphor
silicate glass (BPSG). Perhaps the most notable challenge in planarization is to com-
pletely fill small, high aspect ratio contact holes that connect the first level of metal
with the transistor’s gate, source and drain, and via holes.

In the copper damascene process, following patterning and deposition (barrier,
seed, and Cu-plating) of materials, chemical mechanical polishing (CMP) is per-
formed to remove the overburden materials from the surface. The palnarization
capability is an important advantage of CMP process. It prevents problems associ-
ated with the increase of the number of interconnect layers in multilevel metalliza-
tion of integrated circuits (ICs), where the topography of device structures increases
significantly as additional layers are stacked on top of one another [26].

6.2.2 Chemical Mechanical Polishing (CMP)Technology

There is nothing especially new or exotic about CMP used in the semiconductor
industry than the polishing machine used in glass polishing or silicon wafer pol-
ishing. The dramatic success of CMP to polish or etch oxides and metals, and
its planarization capability, has led the semiconductor industry to push this tech-
nology for mass production [27]. In the early stages, CMP technology was used
for oxide planarization. The conventional multi-level wiring layers on top of each
other, with oxide dielectric in between lines, provide insulation between layers.
The oxide topography varies as the oxide layer follows the underlying features
and variations accumulate from layer to layer. Meanwhile more stringent resolution
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specifications have forced micro-lithography systems to use larger numerical aper-
tures and reduced depth of focus (DOF).

Oxide CMP is very successful in the removal of the oxide layer and reducing
the topographic variation. As a result, users are naturally curious to use this method
for etching other materials, like the tungsten (W)-plug structure. It has been found
that CMP could polish the extra tungsten metal exposed to the oxide inter-metallic
dielectric (IMD) layer [28].

Figures 6.14 a and b show a schematic of chemical mechanical polishing
machines. The polishing pad attached to the platform can have translatory and/or
rotary movement during polishing. The polishing pad can be attached to an end-
less belt guided by two rotating wheels (Fig. 6.14b). There is a provision to replace
the pad with a new one or with a pad made of different material. An additional
attachment, which conditions the pad from time to time, is also found in some CMP
settings (Fig. 6.14b). The wafer surface to be planarized is mounted on a carrier,
which can be rotated during polishing. Slurry is fed to the pad upstream of the pol-
ishing region, and a diamond grit pad conditioner sweeps across the polishing pad
downstream of the polishing region.

D S Bk pokth pad
(b)

Fig. 6.14 Sschematic of CMP machines (Reprinted with permission from Solid State Technology,
(a) Oct. 1994, p. 63, and (b) Oct. 1996, p. 108)

Historically, CMP has exploited single slurry processes in ILD and tungsten
applications, but none of the single slurry processes developed so far for copper
CMP have shown effective results. So a multi-step multi-slurry method has been
developed. The process is becoming more attractive, because of the process flex-
ibility, which facilitates process optimization regardless of the equipment design
rationale [29-30].

Polishing techniques typically use rotary, orbital, or linear mechanical motion
coupled with an inert abrasive in chemical solution. All the techniques in one way
or other try to balance the removal rate, planarization, and uniformity through com-
binations of pressure, speed, and hardness of the pad. A softer pad promotes better
global planariztion, while a harder pad improves local planarization [31]. Higher
pressure and speed increases removal rates, and when pressure is reduced, planariza-
tion improves but uniformity declines. Most of the CMP technology uses rotary
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motion, though uses of a combination of orbital and rotational motions are not rare.
The wafer head rotates in a circular path, while the polish head is orbital. The net
effect is that each point on the pad traces a spirographic trajectory. The configura-
tion facilitates direct slurry delivery to the wafer surface while maintaining high rel-
ative velocities and a small overall tool footprint. In some CMP systems, a variable
pressurized ring provides control at the wafer edge and improves removal rate during
polishing [32]. The design allows independent control from the main head pressure
(Fig. 6.14). Figure 6.15 shows a commercial CMP machine with polishing head and
attachments.

Fig. 6.15 A commercial CMP machine with polishing head and the attachments (Reprinted with
permission, Semiconductor International, Nov. 1998, p. 57)

In order to achieve ideal planarized structures, the CMP process should be able
to remove the metal and the liner material evenly without eroding the underlying
dielectric. Therefore a high metal and liner to dielectric selectivity is necessary.
Low selectivity can lead to the erosion of patterns during overpolishing, which is
necessary to remove larger amounts of metal situated on the top of the spacers. It
has been observed that when the metal pattern densities are high, they show higher
metal and dielectric removal rates [33-34].

Figure 6.16 a shows a 3-D view of an ideal case of a chemical mechanical pol-
ishing surface. Ideally the copper surface should be perfectly flat. Unfortunately in
reality the copper surface suffers from dishing and erosion (Fig. 6.17). Dishing is
generally defined as a recessed height of a copper line compared to the neighboring
oxide line, whereas erosion is the difference between the original oxide height and
the post-polish oxide height [35-36].
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(a) (b)

Fig. 6.16 3-D view of (a) an ideal case of CMP and (b) a realistic case of CMP

Dishing Erosion

Fig. 6.17 Copper dishing due to over polishing and erosion of dielectric surface (Printed with
permission, Semiconductor International. May 2000, p. 74)

6.2.2.1 An Analytical Model

With the advent of shallow trench isolation (STI) and copper interconnects with
different exotic materials such as low-K, high-K, chemical mechanical polishing
(CMP) has emerged as the most important operation in the fabrication of integrated
circuits (ICs). The model proposed by Warnock allows us to predict quantitative
wafer topography [36]. However, most of the recent models are mechanics based
and can be classified in several groups. One of these model about CMP technology
is presented here, which identifies the effects of polishing pressure, platen speed,
particle size of the slurry, pad elasticity, and pad asperities on the basis of partial
contact node.

During the CMP process, the pad is in partial contact with slurry particles car-
ried by asperities. The total force (F1) present during CMP operation under partial
contact mode can be written as:

Fr = Fp + Fa = na’H (6.1)
where,

Fp = (ZJSPPRZ) /K = Applied polishing force (6.2)
and

Fa = (AR/6d*)(1 + a*/Rd) = the adhesion force (6.3)
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Again,

P,=n / oco(4/3)BY2(Z — 1) pp gzdB dZ (6.4)

= [V (o N /QVONE/( — V) exp {—(W — T)/o} (6.5)

for W-T=>0.

The particle adhesion model for plastic deformations between a particle and a
substrate was generalized by Maugis and Pollock and it can be represented in terms
of the contact radius between the deformed particle and the wafer as [36]:

F = nd’H. (6.6)

From Equation (6.6), we can determine the value of H, when a and F are known.
At low platen speed (3 psi), the hydrodynamic pressure Pg is zero and PA = F =
Py, Ap + Pp Ap = P, Ap. Thus P}, can be determined when F and A, are known.
Likewise, from analytical Equation (6.2), K can be determined when R, P, and F)
are known.

Again, Equation (6.5) has to be solved numerically for the pressure distribution
and the corresponding pad deflection. From Equations (6.4) and (6.5) we can predict
that when P, increases the dishing (W-T) of metal lines will also increase. Thus one
can say that recess or dishing of the metal line will increase with increasing polish
time. At the same time, the corners of the dielectric will get more rounded. From
Equation (6.5) one can predict further that dishing of the Cu-line will increase with
increasing values of the roughness parameter (o) of the Cu-line.

The thickness (x) of the layer removed with time (f) during polishing can be
written mathematically as:

(dx/df) = KpPvr 6.7)

If the removable rate across the surface in contact is assumed to be uniform, i.e.
the thickness of the layer removed x is constant across the surface, we can write:

(dx/dr) = (Kw/H)Pvr (6.8)

If the steady state regime is assumed, the amount of Cu-dishing remains con-
stant with over-polishing time. As a result, the material removal on both the Cu and
dielectric surface should be at the same rate and we can express the model mathe-
matically as:

(dx/ dl‘)Cu = (dx/ dt)dielectric (6-9)

Now if we assume that vg and Ky, are the same for copper and the dielectric then
combining Equations (6.8) and (6.9) we can write:

(P cu / P dielectric) = (Hey / H, dielectric) (6- 1 0)
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To solve P, and Pgielectric With the pattern geometry, the force of equilibrium
condition on the interested area across an interconnect and the surrounding dielectric
spacing can be employed. However, based on force equilibrium, the pressure on the
dielectric will increase with the increase of dishing until it reaches a steady state
value. Similarly, the Cu-polishing rate is bounded by the blanket Cu rate and the
steady state rate of the surroundings [35].

Again assuming the slurry to be a Newtonian incompressible fluid, lubrication
theory can be applied to solve the mean drag force on a spherical particle of radius
R in contact with a plane wall as:

Fp = {(321%)/p} {Re*) (6.11)

Again,

{Re*} = {(pvRD)/1.} {h/D}? (6.12)

The value of Re* will be very small because the film thickness is much smaller
than the diameter of the wafer. Not only this, the drag force calculated on the basis
of laminar or turbulent flow will also be very small compared to the adhesion force
(Fa)

where,

Fp = Polishing force

P, = Pad contact pressure

Ap = Wafer/pad contact area

Pr = Hydrodynamic pressure provided by the fluid layer to support the load

R = Radius of the slurry particle

H = Material hardness (pad/worn material)

K = Particle fill fraction

B = Asperity radius

Z = Asperity height

N = Asperity density

h = fluid film thickness between the pad and the wafer

¢p and @z = Asperity radius and height normal density functions, respectively

E = Young’s modulus of the pad (for soft pad ~540 x 10° Pa, hard pad ~112
x 10° Pa)

v = Poisson’s ration of the pad (for soft pad ~0.45, hard pad ~0.28)

W = Deformation of the pad

T = Surface profile

o = A characteristic roughness parameter

C = Curvature of the top of the asperity

d = Separation distance between particle and substrate

K, = Paterson constant

P = Applied pressure

vr = Relative velocity between pad and wafer
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Ky = The wear coefficient
Fp = Mean drag force

D = diameter of the wafer
p = Density of the fluid.

Table 6.3 presents some mechanical properties of the materials that are involved
in the CMP process.

Table 6.3 Elastic properties of the materials used in the Cu-damascene process

Materials Young’s modulus (Gpa) Poisson’s ratio
Copper 1282 0.30
Silicon Oxide 1862 0.30
Tantalum 74P 0.20
Rodel pad 0.5 0.30

a: ASM Metal Handbook and b: Handbook of Materials Science, CRC
Press.

6.2.3 Copper Dishing Model

Both the damascene and shallow trench isolation (STI) processes introduce stringent
limits to erosion and dishing [37-38]. This undermines the CMP process, because
of the variations in the topography. When a particular pad with a particular slurry
material is used in the CMP process, to polish different materials having different
mechanical properties, like hardness, density, etc., the rate of removal of materials
will be different on different materials. Copper, which is the mainstream metal for
local and global metallization, is softer than tantalum (Ta), titanium (Ti), tungsten
(W), and molybdenum (Mo) and their nitrides, borides, and oxides. Thus, during
polishing the etching rate of copper is much faster than these refractory metals. As
a result, some areas of copper are over-polished compared to these refractory met-
als, and this results in non-planarity and dishing. On the other hand, the pads and
slurries want to push right through the barrier and start eroding the dielectric. Exper-
imental observations show that on a 100 wm feature one can expect 200 A dishing
and erosion, less than 100 A on a high-density feature. The most important issue in
achieving super-tight dishing and erosion specs is that these bumps require exces-
sive polishing which can make film thickness variation of 40% across the wafer.
One common approach is to use a high-selectivity slurry to minimize dishing and
erosion.

Figure 6.17 shows a schematic of copper dishing and erosion of dielectric sur-
face. It is said that success in copper CMP is judged not only by the degree of
planarity of the surface, but also by the polishing rate (which impacts throughput),
the number of defects, and the left-over residue. Due to corrosion and over-etching,
dishing can reach as deep as 100 A.
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The key to success in planarization in the sub-micron level feature size is the
understanding of the various parameters of the CMP process, such as (a) slurry
chemistry, (b) particle size inside the slurry [39-40], (c) relative velocity of the
pad and the wafer, (d) the force applied to the wafer and the pad [41-42], (e) pad
elasticity [43—44], and (f) pad conditioning method besides pattern density [45].

6.2.4 Slurry Chemistry

A copper (Cu) CMP slurry is typically made of suspended abrasive particles, an
oxidizer, (hydrogen peroxide, hydroxylamine, and potassium iodate), a corrosion
inhibitor, plus one or more of a long list of additives including dispersants, chelators,
accelerators, colorants, lubricants, and biocids [46].

Copper is comparatively easy to oxidize, and an acidic aqueous solution with pH
~3 can convert copper to cuprous oxide and then to cupric oxide with increasing
pH [47]. In neutral basic pH solutions the Cu-oxide film becomes a protective layer
[48]. The Cu-oxide layer thus formed is polished with a solution containing abrasive
powder, mostly silica or alumina. Experimental observation shows that optimizing
the time and using a rotary type polisher with a relative velocity of 0.7 m/s, and
normal pressure of 48 kPa, can effectively polish Cu-surface without dishing when
a-alumina with pH-7 is used in the abrasive solution.

Due to radically different mechanical and chemical properties of copper and the
barrier layer, it is now generally accepted that Cu-CMP can be accomplished more
effectively by a two-step process [49] (Fig. 6.18). In the first step the abrasive will
remove the bulk Cu-surface without disturbing the barrier layer. In the second step,
the residual copper and the barrier layer will be removed typically using silica abra-
sive. Finally, profilometry and atomic force microscopy can be used to confirm the
dishing of the Cu-surface.

Dishing (A)

5 10 25 50 75 100
Cu line size (um)

Fig. 6.18 Comparative copper line polishing performance for a typical one-step CMP process and
two-step process (Courtesy, EKC Technology)
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Removal of the barrier layer is more mechanical in nature and typically requires
slurry with some abrasive. The requirement must be balanced with the need to tune
selectivity both to copper and the barrier. In contrast, certain integration schemes
may require the removal or thinning of an oxide cap [50].

Figure 6.19 shows the copper surface after CMP operation. When the slurry
chemistry is optimized the copper surface becomes very smooth (Fig. 6.19a).

Fig. 6.19 Two SEMs
showing surface images of
copper (a) with and

(b) without chemistry
optimization (Reprinted with
permission Solid State
Technol., Sept. 2002, p. S10)

(@) (b)

Generally, silica or colloidal silica is used for polishing dielectric materials and
alumina (Al,O3) is used for polishing metals. When slurry uses a silica particle, it
remains in the suspension longer providing the slurry with a better concentration
consistency. Another important factor of the slurry is the pH value, which should be
around 10-12 for dielectric materials and 2—3 for metals. However, in the neutral
pH regime the selectivity of copper polishing is favorable with respect to silicon
dioxide [51-54].

The differential velocity, pressure and the chemistry of the slurries will ulti-
mately determine the localized removal rate, especially for copper [55]. It has been
observed that alkyl contented dielectric materials greatly reduces the removal rate,
and it is very difficult to attain a uniform polished surface with silica based slurry,
though the silica based CMP process for low-K methyl silesesquioxane (MSQ)
with tetramethyl ammonium hydroxide (TMAH) works well. Unfortunately, porous
low-K materials show film fracture and peeling at the substrate’s immediate edge
(Fig. 6.20).

6.2.5 Particle Size Inside the Slurry

Particle size and the hardness of the particles inside the slurry are responsible for
surface damage like scratches and pits. It has been observed that the concentration
of the coarser particles increases the surface damage [56], because coarser particles
tend to hold the wafer away from the pad reducing the pressure on the smaller size
abrasive particles resulting in decreased interaction between particles and substrate.
Thus when the feature size is small (0.13-0.10 pm), the particle size within a slurry
will be an important issue in the CMP process in achieving better yield [57].
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Fig. 6.20 CMP-induced peeling in low-K porous dielectric material (Reprinted with permission,
Semiconductor International, Nov. 2001, p. 55)

Fig. 6.21 Scanning electron micrograph showing different size particles inside the slurry
(Reprinted with permission, Semiconductor International, Aug. 2002, p. 75)

Figure 6.21 shows a scanning electron microphotograph (SEM) of a particu-
lar class of slurry with different particle sizes. The smaller (micron size) particles
agglomerate, and affect the bonding between particles. Besides size, several other
factors, like settling, aging and partial sintering in the container can change the
bonding effect too. Strongly bonded particles exhibit non-regular shapes with large
angles that may cause damage to the surface during polishing, as is seen with the
slurry containing spherical shaped large diameter (~10 pwm) particles.
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6.2.6 Relative Velocity of the Pad and Wafer

During linear planarization, the unidirectional motion of the polishing pad provides
a uniform velocity vector field of the pad surface across the wafer. The time aver-
aged relative speeds between wafer and pad are constant across the wafer when
there is no wafer rotation. When the wafer is rotated during polishing, the time aver-
aged relative speeds become greater at the wafer edge compared to the wafer center.
However, linear CMP planarization has a typical pad speed of 400 ft/min with wafer
(200 mm dia) rotation of 25 rpm. The relative speed between the edge and the center
of the 200 mm wafer differs only by 0.01% [58]. In contrast, conventional orbital
polishers using a rotating platen exhibit unequal pad speeds across the platen due
to the radial effect. In these polishers the time averaged relative speeds of the wafer
and the platen are equal [59]. The single most important criterion of linear planariza-
tion is its higher removal rate along the radius; besides, it has higher planarization
capacity and overall cost benefits.

6.2.7 Pad Pressure

The removal rate during CMP varies linearly with the pad pressure (or polish pres-
sure) [60] and the pressure distribution on the high feature size particles is found to
be non-uniform and elliptical, whereas on the small feature particles it is uniform
[61]. Non-uniform pressure distribution results in non-uniform erosion of different
surfaces having different physical and mechanical properties [62].

6.2.8 Pad-Elasticity

Young’s modulus is a measure of the compressibility of a pad material while the
conformity is a measure of the flexibility of a pad. So, a hard pad will show less
conformity. For soft material like copper, high compressibility and conformity can
increase copper dishing. Better planarity can be achieved with a dual layer pad hav-
ing a hard top layer with a soft bottom layer. However, neither flexibility nor com-
pressibility can determine the polishing rate during the CMP process. The pressure,
the particle size, and shape of the slurry, the flexibility and compressibility of the
pad, the device feature size and pitch, all of these factors contribute towards the
effective planarization of the surface.

6.2.9 Pad Conditioning

The efficiency of a pad in removing the material is seen to degrade with time either
(a) due to plugging up of the pores with slurry particles, or (b) due to the develop-
ment of stress within the pad. Of the two reasons the second one is believed to be
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more likely responsible for the sluggish efficiency with time. The sluggishness of
the pad is called glazing. In order to minimize glazing and to recover the polishing
rate, the pad is reconditioned every time before and after polishing a new wafer. It
has been observed that the stress behavior is concentrated near the pad surface. The
normal stress developed within the loaded region will determine the pad’s tangential
and normal displacement [63].

6.2.10 Shallow Trench Isolation (STI)

Shallow trench isolation (STI) has become the enabling technology for sub-micron
level devices because of its higher packing density [64]. It offers improved isolation
between devices compared to the traditional approach to local oxidation [65]. STI
regions consume less silicon while offering superior latch-up immunity and smaller
channel width encroachment than LOCOS isolation (Fig. 6.22). The main theme
of the STI process is to remove all of the oxides over the dense active areas while
leaving the residual nitride stop layer thickness across all feature sizes.

Fig. 6.22 A stylus nanoprofilometry image of an STI region (Reproduced with permission, Semi-
conductor International, March 2000, p. 71)

Recently, slurry free fixed abrasive technology has been developed for the STI
CMP process [66]. However, the use of abrasive slurries has become routine work
for wafer planarization. But dishing and nitride clipping problems are very common
to the STI polish. The planarization processes for STI structures require substan-
tially better process control than is needed for tungsten plug and inter-level dielec-
tric (ILD). The quality of an STI process is measured by the control of trench oxide
and nitride thickness. This requires tight control of the belt parameters to control
the step height between the trench oxide surface and silicon surface after the nitride
strip. It seems that STI polishing with fixed abrasive has the potential to simplify
the process integration, which will ultimately lower cycle time and cost.
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6.2.11 Abrasive Free Polishing

In order to avoid the problems arising out of the slurry, the abrasive free process
seems to be less complicated [67]. The abrasive free (ABF) process consists of a
soft pad with a solution of copper oxidizer, a copper-oxide etchant, and a corrosion
inhibitor. The oxidizer forms copper oxide, which is protected by the inhibitor and it
is removed by the friction of the soft pad. The soft pad does not remove the barrier
layer; in addition, it provides a scratch free copper layer. Later the barrier layer
is removed by reactive ion etching (RIE) in the presence of SFg gas, which does
not react with copper. Because chemical action dominates abrasive free polishing
(AFP), the slurry used in AFP is highly selective, enabling removal of copper while
protecting the underlying barrier layer, regardless of copper thickness. It is expected
that low-pressure AFP will provide a wide process window in the near future for the
100 and 65 nm node technologies. However, experimental observation shows that
AFP does not work well with traditional rotational tools (Fig. 6.23). Figure 6.23
shows copper residues that are heavy when CMP uses rotational polishers (bottom).

No copper residues

Fig. 6.23 Copper residues are heavy when CMP uses rotational polishers (bottom) (Photo courtesy
Novelus Inc.)

6.2.12 End-Point Detection

During the CMP process, the end point can be detected either by optical or electri-
cal methods. As a matter of fact, end point detection is problematic especially when
there are multiple metal layers (more than four). The optically based system gen-
erally adopts the principle of multi-level reflectance spectroscopy. It seems that the
detection of the end point by optical methods can be better handled by observing
the changes in the spectral shape in the 400—800 nm rather than changes in intensity
of the spectrum. The electrical method, on the other hand, can detect the end point
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Fig. 6.24 In situ measurements during etching to control the end point (Reproduced with permis-
sion, Semiconductor International, May 2001, p. 98)

from the change in the electric current observed between the initial time of polish-
ing and at the end of the polishing (Fig. 6.24). The changes in the electric current
depend upon several things including the type of metal used for the barrier and the
thickness of the copper metal.

Each method has its advantages and disadvantages. There is no doubt that the
optical method coupled with electrical measurements will be better than a single
electrical or optical method.

Figure 6.25 shows a stylus profilometer based on atomic force microscopy
(AFM) for in-line monitoring of the surface characterization and to provide highly
accurate non-destructive measurements.

6.2.13 Dry In Dry Out

Dry in and dry out of the CMP process is important especially, when copper CMP
is involved. Immediately after the surface of copper is polished it should be cleaned
and dried (the film surface should be free from any moisture). The delay in cleaning
and drying the surface results in oxidation and corrosion of the copper film. So
special care should be taken for the copper CMP process, especially the post-CMP
cleaning and drying processes. Post-CMP cleaning needs to be optimized for low-
K dielectric materials. Different surfactants are recommended for different material
surfaces during post-CMP cleaning as the bonding nature of the particles is different
for different materials, which is defined as the zeta potential.
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Fig. 6.25 An Atomic Force
Profiler to monitor the
Cu-dual damascene etch
process (photo courtesy,
Veeco Instruments Inc.)

6.2.14 Multi-Step Processing

In the multi-step process, polishing optimization is achieved simultaneously through
the delivery of multiple slurries to each of four autonomous polishing modules.
Three or more polishing steps are performed with no additional wafer handling,
which result in better throughput and yield [68]. As a matter of fact, the quality of
the CMP process depends on both the polishing equipment and the nature of the
slurry used. Most of the slurries belong to unstable colloidal systems, which have
relatively short shelf lives. Also transport of the slurry from a container to the CMP
system is a possible cause of degradation of the slurry due to shear, settling, or
agglomeration. So it will be a better idea to monitor the particle distribution inside
the slurry from time to time. It is suggested that micro-filtering the slurry before
delivery to the CMP system, to obtain even-size shape of the particles, will minimize
the defects and micro-scratches on the surface [69].

6.2.15 Post-CMP Cleaning

Once the polishing is over, a post-CMP cleaning is essential to remove residual
slurry and metal particles that are detrimental to device yield (Fig. 6.27). Post-
copper (Cu) CMP cleaning presents challenges in addition to slurry removal. It is
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necessary to remove Cu contamination from some areas of the wafer (front side
dielectric, edge, and backside) while avoiding or limiting Cu removal from the other
areas.

It has been reported that for 16 Mb DRAM there should be only 10'3 atoms/cm?
of metal ions [70]. During cleaning the abrasive particles develop charged surfaces
that cause particles to be repelled from one another. For this reason, when alumina
is used as an abrasive it is designed to keep pH less than neutral. In contrast, silica-
bearing slurries are stable at high pH, and highly charged particles do not tend to
agglomerate. Based on these facts, CMP cleaning solutions are prepared with many
additives that include surfactants, chelators, and other compounds that either interact
with wafer or particle surfaces, or react with metals that are dissolved in solution or
adsorbed on the wafer surface. Figure 6.26 shows a single wafer non-contact post-
cleaning CMP system.

Fig. 6.26 CMP system for non-contact single wafer post-cleaning (Photo courtesy
VERTEQ/AKRION Inc., PA)

Megasonic cleaners are widely used because they offer an effective solution
while eliminating problems such as particle loading and brush maintenance asso-
ciated with brush scrubbers. They also offer a better and much wider chemi-
cal pH operating range that is less expensive than traditional brush scrubbing. A
buffered chelating treatment with some commercially available cleaning solutions
is performed followed by RCA-2 (1:1:5, HCI: H,O5: DI) chemistry cleaning. Final
cleaning is done in de-ionized (DI) water and the surface is dried immediately after
cleaning. It has been observed that in-line detection of metal residue on the surface
of the polished layer prior to post-CMP-cleaning is important. Figure 6.27 shows
metal residues after CMP.

Atomic force microscopy (ATM) has been used to characterize post-CMP clean-
ing and time of flight secondary ion mass spectroscopy (SIMS) technique has
been used to measure Cu-contamination. Recently, employing oblique illumination,
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Fig. 6.27 Metal residues after the CMP process (Reprinted with permission Semiconductor Inter-
national, October 2000, p. 72)

METAL RESIDUE DETECTION

Darkfield
collection

Oblique
illumination

Surface selectivity of oblique illumination architecture

Fig. 6.28 Surface selectivity of oblique illumination architecture (Reprinted with permission,
Semiconductor International, Oct. 2000, p. 72)

in situ detection of the metal residue has been performed after post-cleaning.
Figure 6.28 shows an optical set-up for the measurement of the metal residue.

6.2.16 CMP Pattern Density Issues

CMP is seen to be very critical as the device size becomes smaller and the polishing
wafer has step features. The pressure on the polishing pad is seen to concentrate
only on the top features, which increases the polishing rate above that of a blanket
wafer. In addition, it causes non-uniformity in the removal rate across the pattern of
different densities due to variations of pressure distribution across the pattern. The
way to prevent this is to create dummy shapes around the sparse pattern to try and
match the higher pattern density.
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6.3 Summary

The Cu-damascene (single orits twin dual damascene) is an elegant technique of inlay-
ing copper for wiring throughout the back-end-of-line. In a dual damascene structure,
only a single metal deposition step is used to simultaneously form the main metal
and the metal in the via holes. That means both trenches and via holes are formed
in a single dielectric layer. The damascene process provides a solution to the prob-
lems arising from the lack of a directional metal etch capability [71-74], but intro-
duces new problems that arise from the need to fill the high aspect ratio structures
with metal without any void and stress. It has been observed that vapor deposition
of copper is not adequate and the deposition of metal on the corners of the trenches
leads to pinch off and void formation. However, control of key experimental parame-
ters such as deposition/dissolution times deposition/dissolution current densities and
off time of the ECP-Cu can result in high quality electrodeposition from the plating
bath. Trenches are typically etched to a depth of 4000-5000 A whereas the depth
of the via holes generally vary between 5000 and 7000 A. After the via and trench
recesses are etched, the via and the trench are filled with copper. The excess metal
outside the trench is removed by chemical mechanical polishing (CMP).

Chemical mechanical planarization/polishing (CMP) is a critical technology for
the integrated circuit (IC) industry for the next generation of device wafers. Indeed, it
is a critical technology in the sense that there are too many critical parameters to be
identified and optimized. The critical parameters are the size and shape of the abra-
sive particles, their distribution, the chemistry and physics of the slurry (pH, density,
viscosity, and particulate impurities), polishing pad (roughness/topography, includ-
ing hardness and Young’s modulus), and finally the pressure applied to the pad and
the wafer. During polishing, a wafer is mechanically pressed into the polishing pad
that elastically deforms in response. As a result, structural damage such as erosion,
dishing, scratches, pits, and delamination of film surface are frequently noticed.

The presence of scratches and pits on the surface during planarization makes
post-CMP cleaning very difficult. Experimental observation shows that hydrody-
namic force is not sufficient to remove smaller (<0.2 pm) slurry particles when the
penetration depth inside the wafer is deep (~0.5 wm). Though CMP has become
routine work for the copper damascene process, yet, people who are involved in
the processing do not feel very comfortable and confident about the process. How-
ever, some experts believe that a new generation of CMP is risky but not without
opportunity [75].
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Chapter 7
Conduction and Electromigration

7.1 Conduction

7.1.1 Introduction

The requirements of high-speed sub-100 nm devices are higher conductive intercon-
necting lines for local and global interconnections and lower associated capacitive
reactance of the interconnecting lines. The conductivity of copper (ocy, = 0.598
ohm-cm and ¢ o] = 0.374 ohm-cm) is higher and it offers higher resistance to elec-
tromigration (EM) compared to aluminum (or Al-alloy). At the same time, copper
has the advantage of making finer wires with lower resistive loss which will subse-
quently reduce RC delay and increase the speed of the device (Fig. 7.1). Therefore,
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Fig. 7.1 A comparative analysis of feature size versus delay time of a conventional Al-SiO; cou-
pling with a modern Cu-low-K coupling (Reproduced with permission, Dr. K. Saraswat, Stanford
University)
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recently copper has become the primary choice for local and global interconnecting
lines for modern integrated circuits (ICs) [1].

Now, in order to integrate the Cu-lines in modern ICs, the conventional met-
allization processing associated with Al-alloy has been changed from a subtractive
process to an additive bottom fill-up process [2]. Indeed, as the device size is becom-
ing smaller, the interconnecting line dimensions are also becoming smaller and the
electrical properties of aluminum (Al) are becoming inadequate to meet the new
requirements of sub-100 nm metal lines. Thus the conventional Al-SiO system in
ICs has been replaced by Cu-low-K material to increase the speed of the devices
(Fig. 7.1).

The problem of higher resistivity of a thin metallic film compared to the bulk
material is of great interest and the interest is increasing steadily as the feature size
of the device is steadily decreasing. For sub-micron processes (100 nm and below)
minimization of the size of the interconnect cross-section and of the oxide thickness
has become critical to meeting the increasingly stringent electrical requirements of
amodern IC. The pitch-matched local via holes and contacts to the metal layer gen-
erally have much smaller cross-sectional area compared to the interconnects them-
selves. Let us assume that the contact area of the Cu-line is very small and circular,
having radius r; and resistivity p, and there are N number of such contacts. Now we
can model the resistance (R) of the Cu-line, when it is bonded to a Cu-pad as [3]:

R = p{(1/2Nr1) 4 (1/2r1)}. (7.1)

From the above theoretical model, we can assume that the effective resistance of
the Cu-line will show different resistivity than the bulk resistivity of copper (Cu)
[3]. Figure 7.2 shows the effect of shrinking cross-sections on the resistivity of
Cu-interconnects.
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Fig. 7.2 From the 90 to 65 nm node, the interconnect cross-sectional area is reduced by 50%,
resulting in a 100% increase in resistance for a line of the same length (Reprinted with permission,
Semiconductor International, July 2005, p. 63, Courtesy ITRS)
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Studies on scaling effects are not only important from the standpoint of the
electrical resistance of the Cu-lines, but with the decreased feature size, interface
area fraction increases, and the ultra-fine lines suffer from electromigration (EM)
damage. However, measurements demonstrate that a bamboo-like microstructure
developed, in a narrow Cu-line, relatively slower surface diffusion, resulting in
increased EM lifetimes.

It has been theorized that in a metallic constriction, in nanoscopic cross-section,
the transverse motion is quantized, leading to a finite number of sub-bands below
the Fermi-energy er. A striking consequence of these discrete sub-bands is the phe-
nomenon of conductance quantization, which exhibits a universal force of oscilla-
tions of the order of eg / AF, where A is the Fermi wavelength (which is 0.46 nm for
Cu and 0.36 nm for Al). On the other hand, experimental observations based on the
theoretical model confirm that the tensile force (F) existing in such a system will
influence the conductance, scattering phenomenon and the mechanical properties
of the nanoscopic metallic contacts [4].

7.1.2 Conduction Mechanism and Restrictions

Electrical conduction (o) in a thin metal film can be modeled by representing the
film in terms of a finite number M of monolayers or perfect atomic planes arranged
periodically in the direction perpendicular to the boundaries of the film. Applying
this model the resistivity of copper (lines) embedded in copper (seed layer) has been
found to be (116/M) w2-cm [5].

Conduction through a medium is a process of transmitting energy through the
medium without perceptible motion of the medium itself. The transmitted energy
may be electrical where the carriers are electrons and/or holes or may be heat where
energy is being transported due to the oscillations of the thermally excited atoms
(phonons). Thermally activated phonons introduce a temperature gradient along
the way of their oscillations. The medium through which the electric or the heat
energy is transmitted easily is called a conductor. A good conductor of electricity
will transmit maximum energy with less resistance, and there will be a minimum
loss of electrons due to scattering, diffusion, and stress (current and/or heat). When
the dimension of the conducting line is very small (of nano-order) electron—phonon
transport is characterized by interface effects [6—10], and the conduction through
the line will be different from the conduction through the bulk material.

The conduction mechanism can be modeled after the Boltzmann transport
equation as:

— {(e/m)}{E+ (v/c)H} gradvf+vgradrf (7.2)
=—{( —/fo)/7} (7.3)
where

e = Electronic charge
m = Effective mass
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E = Electric field

v = Electron velocity

¢ = Velocity of light

H = Magnetic field

fo = Electronic distribution at equilibrium

f = Non-equilibrium electronic distribution functions
t = Relaxation time for return to equilibrium.

The z-axis is taken to be perpendicular to the plane of a thin film of thickness d,
and current flows through the film in the x-direction. The second term of equation
is zero for bulk material but not in the z-direction of a thin film. Thus the non-
equilibrium electronic distribution function f can be written as:

f=h+hAb.2) (7.4)

and substitution of (7.4) in (7.2) gives rise to

{(eE/mv)(0f,/0v2)} = (9f1/02) + (f1/TV2). (1.5)

The solution to (7.5) can be used to calculate the current density (J) across the
film in the form:

J =2e(m/h)’ [vfdy (7.6)

where £ is Planck’s constant.
By averaging the current density over all the values of z from O to d, we can
derive an equation for resistivity as:

(p/po) = {1/[1 = 3/2k [F{(1/x") — (1/x")H{1 = exp .( — kx)} d/] (1.7)

When the width of the Cu-line is comparable to or less than the mean free path
(%) of the conducting electrons, Equation (7.7) will transform to Equation (7.8) due
to scattering effects (in Equation (7.7) we have assumed k = d / X, d is the film
width, x is the integration variable, p is the resistivity of the Cu-line, and pois the
resistivity of bulk Cu at a given temperature).

7.1.2.1 Scattering and Its Influence on Coductivity

The scattering of electrons may be elastic or non-elastic. Elastic scattering does not
affect the resistivity of a polycrystalline film. However, inelastic scattering, which
depends on the mean free path of the charge carriers and the scattering coefficient
p, increases the resistivity of the film [11-13]. According to the Fuchs—Sondheimer
(FS) model the value of p is constant, but according to the quantum mechanical
model (Mayadas—Shatzkes model or MS-model) the value for p is p cosf, which
indicates that the value of p is dependent on the angle of scattering.
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The resistivity of a conductor increases substantially when the size of the inter-
connecting lines reaches 50 nm and below, because of scattering mechanisms that
are controlled by quantum mechanical phenomena and structural/morphological
effects [14].Surface and interface scattering become predominant in thin films when
the thickness is comparable to the mean free path (\) of the conduction electron
[15]. Based on the semiclassical scattering model, several comprehensive expres-
sions have been put forward to show the relation between resistivity and line-width
of the interconnects when scattering due to surface, interface, and roughness of the
metal line is taken into account [16]. The surface scattering dependent resistivity pg
can be represented mathematically as:

(09)/(po) = [(DI/11 = (3(1 = P2}/ QA LA/ =1/ oo
[(1 = exp. — k0)1/[(1 — p(exp. — kx)ldx '

where pg is the bulk resistivity at a given temperature, x is the integration variable,
\ the mean free path of electrons, d the smallest dimension of the film (in our case
it is the width), and k is equal to (d/\). As a matter of fact, since the thickness of the
diffusion barrier for copper interconnect does not scale with technology scaling, and
the effective area through which the current conduction takes place is reducing, the
effective resistive element of the interconnect is increasing.lt is clear from the above
equation that since copper (Cu) has a smaller intrinsic resistivity than aluminum
(Al), it will be more affected by surface scattering than Al [17].

The impact of the metal line-width on the resistivity of a Cu-line due to the
influence of surface, electron, and grain boundary scattering is shown in Fig. 7.7
below [18-19]. Figure 7.7 also shows the standard bulk resistivity of the metal.
Apart from induced scattering due to surface roughness, the increased resistivity due
to thickness reduction is affected also by surface and interface induced scattering
phenomena, which become predominant when the thickness of the film becomes
comparable to the mean free path (\) [20].

In the copper damascene process interconnect lines are laid on the top of a cop-
per seed layer where the barrier layer forms the bottom surface (substrate) of the
seed layer. According to the model set up by Hebard et al., [26] the scattering of
conduction electrons at grain boundaries or at planar interfaces will be defined by
the top and bottom surfaces of the Cu-seed layer. The seed layer is very thin (a few
angstroms thick), and we can take it for granted that it is in the coalescence regime
(50-200 A thick) with island morphology.The deposition of such a thin film, which
will uniformly cover the barrier walls, is challenging besides its reliability from the
standpoint of stress migration and EM failure. In order to mitigate stress migration
and EM related phenomena, the Cu-seed layer is doped with a metal [25]. How-
ever, excessive dosing or the wrong type of alloying elements can produce adverse
effects by decreasing electrical conductivity, weakening adhesion, modifying diffu-
sion paths, sensitizing corrosion, and consequently degrading interconnect perfor-
mance and reliability.

Figure 7.3 shows the relation between line-width and the average grain size of
doped and non-doped Cu-film. The top line represents the pure Cu-seed line and the



306 7 Conduction and Electromigration
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bottom line is that of the Cu-seed line doped with Ag. The alloy line has a smaller
average grain diameter than pure Cu. From the graph we can also notice that when
the line width is smaller than 1 wm the grain sizes of the two lines are almost the
same. However, when the line-width is above 1 pm the grain diameter of the Cu-
seed layer is very large. In polycrystalline metal film, when the grain size is larger
than 1 pm, it contains a relatively low volume fraction of grain boundaries, and
their effects on the electrical conduction are only significant at low temperatures
[21-23].

We know from our past experience that smaller grains will produce longer grain
boundaries that will effectively cause more grain boundary diffusion and increase
the electrical resistivity (p) of the film even at room temperature [24]. As a matter
of fact, the specific grain boundary resistivity gives a relative value for the electron
scattering power of a grain boundary, averaged over all the grain boundaries in the
metal [25].

Figure 7.4 shows the resistivity of doped (with 0.5 at% of Ag, Al, Sn, and Ti) and
un-doped sputtered Cu-seed films. We can see from Fig. 7.4 that the doped films
have higher resistivity than the 6 N copper film. X-ray diffraction (XRD) pattern
analysis further shows that the orientation of these doped and un-doped copper films
are different. As a matter of fact, secondary ion mass spectroscopy (SIMS) analysis
reveals that the alloying elements in the Cu-seed layer readily diffused through the
electroplated (EP) copper lines and increase Cu-line resistance.

A similar diffusion process can be envisioned between the underneath mono-
layer of the diffusion barrier (e.g. Ta/TaN) and the Cu-seed layer. The process can
dope the interface layer due to the charge transfer from the seed-layer, and ulti-
mately can create a shunting path, which will ultimately decrease the resistance of
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Fig. 7.4 The electrical resistivity of thin films deposited using pure copper and four Cu-alloy
targets during sputtering (Reprinted with permission, Honeywell, 2001 Vertilog, V-EMT 1:16, 12th
July, 2004)

the copper line [26-27]. As a matter of fact, Auger Electron Spectroscopy (AES)
depth profile reveals that the composition of the interface layer has a predominant
intermetallic phase [27]. However, in the sub-100 nm regime, the size effects are
very pronounced and they account for the increase in electrical resistance of the
interconnects. Indeed, in very fine Cu-line the charge carrier scattering from the
sidewall is a more dominating factor (Fig. 7.5).

Fig. 7.5 (a) Sidewall scattering (top arrows) from Si3N4 and grain boundary scattering center
(arrows from copper) (Reprinted with permission, Infineon Tech. Munich, Germany) and (b) con-
finement of Cu-line inside barrier (7 is the thickness of the barrier)

Figure 7.5 shows a Cu-damascene structure with small (nanometer size) copper
lines embedded inside the dielectric trench.Due to the confinement of the Cu-line
inside the barrier layer (¢ is the thickness of the barrier layer, H and W are the height
and width of the trench, Fig. 7.5b) the resistivity of the Cu-line will be affected by the
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sidewall scattering. As a result, the effective resistivity of the Cu-line will be different
from the bulk resistivity. The sidewall scattering effect can be modeled as [28]:

p = pol +{3/4(1 — p)r/W}] (7.9)

where p is the resistivity of the interconnecting line, pg is the bulk resistivity, p is the
specular reflectivity, \ is the mean free path (for Cu itis ~ 40 nm), and W is the width
of the interconnect. Equation (7.9) is only valid when the structure of the lines has a
square or circular cross-sectional area and the line-widths are significantly larger than
the mean free path of the electrons. The value of p can vary from 0 to 1. When the
value of pis O itis called diffuse scattering and when itis 1 itis called elastic scattering
(Fig.7.6) (p=1 means elastic scattering, and no resistivity increase caused by sidewall
scattering occurs).

Fig. 7.6 Diffuse and elastic P=0 P=1
scattering ﬂ} / \
Elastic scattering
Diffuse scattering No Change in Mobility

Lower Mobility

Figure 7.6 shows the schematics of diffuse scattering (p = 0) and elastic scat-
tering (p = 1).The typical value of p for inelastic scattering as reported in some
literature is 0.47 [11].

7.1.2.2 Grain Boundary (GB) Scattering

As the width of the interconnecting Cu-line decreases, it shows a long distribution of
grain size, and a short distance between scattering barriers. As a result, the effective
resistivity of the Cu- line increases due to the scattering from the sidewall and from
the grain boundary. The scattering of electrons at grain boundaries has been modeled
by Mayadas and Shatzkes as [1, 29]:

p = po(l/3 J[1/3—a/2+a*—a’In(1 + 1/a)] —0.45 {(1 —p) (1 + AR 1)/(ARW)
(7.10)
where o = (A /s)(N/1 —N)
where pg is the bulk resistivity, p the scattering coefficient, AR, the aspect ratio,
X, the mean free path of the electrons, W the line-width, s the average distance
between grain boundaries and the reflectivity coefficient. The first term inside the
bracket represents grain boundary scattering.The combined effects of these phe-
nomena (different types of scattering) along with the presence of a finite diffusion
barrier layer reduce the effective copper conducting area, and cause a sharp fall in
the conductance of the Cu-lines. We will calculate the effective resistance of the
Cu-line due to the presence of the diffusion barrier and the grain size of the Cu-lines
in a later part of our discussions.
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Fig. 7.8 The variations in electrical resistivity with line-width of Cu-interconnect with and with-
out the effects of surface scattering, grain boundary scattering, and surface roughness scattering
(Reprinted with permission, Semiconductor International, Jan., 2003).

Figure 7.7 shows the dependency of resistivity of Cu-interconnecting lines on
line-width [1-2]. The fitted curve is obtained from the compact model of Equation
(7.10).

Figure 7.8 shows the variations in electrical resistivity with line-width of Cu-
interconnects with and without the effects of surface scattering, grain boundary
scattering, and surface roughness scattering. In the case of global interconnecting
lines, the line resistance will decrease further due to inductive effects. However,
accurate inductance modeling still remains a challenging problem [3].
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7.1.2.3 Effective Resistance of Cu-Interconnect Due to Different Size of the
Grains and the Presence of Barrier Layer

The resistivity of a Cu-line can be significantly different depending on the line-
width because the grain size of the line changes with the line-width. In addition,
the thickness of the sidewall (barrier metal) can decrease the narrow Cu-lines. If the
total Cu-line-width becomes less than about 4 x the thickness of the barrier layer on
a flat surface, it is likely that the sidewall thickness of the barrier layer will be less
than the thickness of the Cu- film on the flat surface due to self-shadowing effects.
Figure 7.9 shows a schematic of a damascene trench with Cu-line over the barrier
layer.

Fig. 7.9 Schematic of the Linewidth
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-— Barrier Width

Now we can determine the effect of the Cu-grain size on the Cu-line resistance
using two metal lines having two different line-widths. The first line is of width >5 x
the nominal Cu-grain size, and the second line has a width <2x the nominal Cu-
grain size (there will be grain size shrinkage due to smaller line-width). However,
both the lines are >6x the barrier metal thickness over a flat surface (no sidewall
thinning). Now we can express the effective resistance of the Cu-interconnect (Cu-
line-width >5 x, the nominal Cu-grain size) as [33]:

1/Reyy = 1/Rey + 1/Rp (7.11)

= [(W - 2tB)/pcuL] + 1/RB

Now when the Cu-grain size is reduced (due to reduced line width) to <2x the
nominal Cu-grain size, the value of (1/Rp) will be modified to:

(1/Rs) = {[(AW/pcu) + (hc/ps) /L]}

where

R.fr = Effective resistance of the Cu-line having width <4 x the barrier layer
thickness

R.u = Resistance of the Cu-line

pp = Resistivity of the barrier metal

pcu = Resistivity of Cu
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W = Width of the Cu line

L = Length of the line

tg = Thickness of the barrier

h = Height of the metal line

AW = Difference between the designed and actual metal line-width

¢ = Difference factor between barrier layer thickness over a flat surface and
sidewall barrier thickness.

7.1.3 Effect of Grain Boundary (GB) Resistance on the
Conductivity of Cu-Interconnects

Grain boundaries (GBs) have long been known to affect the electrical proper-
ties of metals [30]. As a matter of fact, a GB shows two orders of magnitude
higher resistance than that of the grain interior [12]. Experimental observations
show that for both Cu and Al films electrical resistivities are proportional to the
grain boundary area per unit volume [21-23, 31].We know that smaller grain size
gives rise to larger numbers of grain boundaries per unit volume. The grain bound-
aries impose additional resistance on the total grain resistance. Following the brick-
layer model [32-33] (applicable to relatively narrow grains that are homogeneously
distributed) the total resistance offered by a thin copper line can be written as:
Rioal = Ry + Rgp = [Rg + {t/(<d > Ry)}]. Here we have considered R (o1 as
the total resistance, R, the resistance of a Cu-grain, Ry, the resistance of the grain
boundary, 7 the thickness of the line, <d> the average grain size, and Rjthe resistance
of the individual grain boundary layer. As a matter of fact, with certain limitations
the brick layer model can be thought of as an appropriate model to estimate the
grain boundary properties of polycrystalline material. Following the above equa-
tion, the increased electrical resistivity (R,oml — —Rg) caused by the grain boundary
has been measured for Cu and Al as 3.12 x 107! and 3.26 x 10~'? Q-cm, respec-
tively [21,34].

7.1.4 Effect of Grain Size and Morphology of the Substrate

In dual damascene process Cu-interconnecting lines are laid on the barrier layer.
The fabrication procedure of ICs with conventional aluminum (Al) metallization
does not need a four-sided barrier, but the Cu-damascene process does. As a result,
the sidewall effect of the barrier will be pronounced with Cu-interconnects [35].
Figure 7.9 shows orientation maps of electroplated Cu film on (a) Ta, (b) TaN, (c)
TaN/Ta, and (d) Ta/TaN/Ta.

From Fig. 7.10, we can see that the grain sizes of the Cu-lines having the same
width are different over different diffusion barrier layers.Experimental data show
that Cu-film deposited over a TaN/Ta layer has the largest grain size with the highest
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Fig. 7.10 Electroplated Cu-film on (a) Ta, (b)TaN, (¢) TaN/Ta, and (d) Ta/TaN/Ta (Reproduced
with permission from Elsevier, Thin Solid Films, 2005)

twin boundary (TB) fraction [35]. As the grain size influences the grain boundaries
(GBs) the films will have different numbers of diffusion paths and line resistivity.
An electroplated copper film over-blanket generally shows <111> grains but over
the sidewalls it shows [011] in-plane orientation of the grains due to the constraint
imposed by the sidewall. The effect of the barrier layer on the Cu-line resistivity
will be more pronounced on the sidewall.

7.1.5 Morphology of the Cu-Film and Its Influence on the
Conduction (Electrical) Mechanism of Cu-Interconnects

The Cu-interconnecting lines formed by Cu-damascene processes are very small in
dimensions and they are mostly polycrystalline. The transport properties of a thin
polycrystalline film are significantly influenced by the topology of the microstruc-
tured film. As a matter of fact, polycrystalline films can have different grain sizes
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and grain boundaries. As a result, it can affect the film in two ways: (i) the large
grains can serve to shunt the flux pass adjacent to smaller grains, and (ii) it can
increase the length of the equipotential contours due to the fact that they follow the
pre-existing grain boundary. Both of these effects can lead to a decrease in the total
resistance of the Cu-line as the microstructure departs from a regular brick—layer
structure [9, 11, 18].

In the copper (Cu) damascene process interconnecting lines are fabricated from
electrochemically deposited (ECD) copper. The ECD method has been experimen-
tally verified to be the most practical and promising technology to deposit intercon-
necting lines for a Cu-damascene structure. It has been observed that if the lateral
dimension of Cu-lines is scaled below 50 nm, the conductivity of Cu-lines becomes
roughly a factor of 2 lower than the bulk value of the metal. In addition to the
size effect, electroplated copper undergoes grain growth even at room temperature
(Fig. 7.11). Thus understanding of the relationship between the microstructure of the
metal interconnects and its electrical properties will help in optimizing the process
flow and increasing device yield and reliability [36, 1].

Time after plating:
5.4 hours annealed at 300°C

3 % recrystallized i reduction of small grain
inclusions

Fig. 7.11 Plan-view focused beam secondary electron images showing re-crystallization of elec-
troplated copper at room temperature with time (Reprinted with permission, Mat. Res. Soc. Bull.
612, 2000)

Annealing or self-annealing of electro-chemically plated copper (ECP-Cu) at
room temperature (Fig. 7.11) introduces more grain boundaries (GBs). The GBs
are barriers to intragrain dislocation motion and they increase the electrical resistiv-
ity (p) of the metal line [37-38]. Indeed, the GB has shown two orders of magnitude
higher resistance than that of the grain interior [12]. Grain boundary effects are
important, especially when the width of the interconnecting line shrinks.

Figure 7.11 shows plan-view focused beam secondary electron images show-
ing re-crystallization of electroplated copper at room temperature with time. From
experimental data one can theorize that key to preserving the bulk conductivity in
thin film is to optimize the microstructure so that dislocation motions are arrested
while scattering of the conduction electrons is minimized [39].

Figure 7.12 shows the temperature coefficient of resistance of three differ-
ent Cu-films. The nano-twined Cu-line shows a similar temperature coefficient of
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Fig. 7.12 Temperature coefficient of resistance of nano-grained with and without twins and
coarse-grained Cu-line (Reprinted with permission from AAAS, Science, April, 2004)

resistance (o) to the coarse-grained Cu-line, while the nano-grained without twin
shows a higher temperature coefficient of resistivity (o). From the graph, we can
infer that the introduction of more twin boundaries (TBs) in a metal film during
deposition will preserve the intrinsic conductivity of the metal. A literature survey
suggests that such a film can be deposited by the pulse electrodeposition method,
which ultimately increases the nucleation site for the formation of twin boundaries
(TBs) [40-41]. Indeed, the twin boundary is a special kind of coherent boundary,
and is able to block dislocation motion, like conventional GBs [42—43]. But electri-
cal resistivity of coherent TBs is about one order of magnitude lower than conven-
tional GBs [44].

The higher temperature coefficient of resistance (o) of the nano-grained Cu-line
without TB compared to the coarse grained and nano-grained (with TB) Cu-lines
can be explained in the spirit of the scattering phenomenon, as has been applied to
the previous resistivity equation (7.8) and can be expressed mathematically as:

{(a/a0)} = {1/ (In (1/k) + 0.423)} (7.14)

where k << 1, o and o are the TCR of the nano-grained Cu-line without TB and
that of the Cu-line (coarse grained) respectively.

Experimental evidence further shows that the presence of a TB can change the
surface roughness, electrical conductivity [45], and mechanical behavior [46], and
can prevent crack nucleation [47] in Cu-interconnect.
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Fig. 7.13 TEM pictures of (a) the interface structure in vacuum evaporated and electroplated cop-
per deposited on a vacuum deposited seed layer and (b) PSB-like structure developed in the narrow
twin and matrix-like sub-structure in the neighboring twin-related grain. The arrows indicate the
dislocation rungs formed inside the twin grain (Reprinted with permission Taylor and Francis, Phil.
Mag. Jan—Feb., 2004)

Figure 7.13 shows transmission electron microscope (TEM) pictures of the inter-
face structures when electroplated Cu is deposited over a vacuum evaporated thin
layer of Cu. In Fig. 7.13(a) the electroplated layer shows finer nano-sized grains and
the absence of any epitaxial layer. The interface structure of a vacuum deposited
seed layer when electroplated with copper develops more strain compared to a sub-
strate electroplated with copper. The fatigued samples show the development of
surface roughness under constant plastic strain. In Fig. 7.13(b) the volume fraction
of persistent slip band (PSB)-like structures are formed by the dominant slip sys-
tem and three ladder rungs are clearly visible inside the twin grain. The results are
thought to be due to the size effect that allows one dominant slip system to oper-
ate in the plane parallel to the coherent twin boundary (TB).It has been observed
that the stress that appears next to the TB produces a secondary slip that causes
local strengthening of the zone. It has been observed further that the formation of a
PSB-like structure is suppressed in fine-grained electro-plated (EP) copper.

Figure 7.14 is a plot of the fraction of the twin boundaries in a pure copper seed
layer as a function of line-widths.The highest twin fraction is observed when the
line-widths are of medium sizes. Figure 7.15 shows (111) and (011) pole figures
obtained by a discrete binning method for three different line sections of a pure Cu-
seed layer which acts as a nucleation center for the EP (electroplated)-Cu layer.

The pole figures (Fig. 7.15) obtained by the discrete binning method show that
the deposited Cu-film (seed layer) blanket on a barrier layer has grains which are
predominantly (111) textured whereas on the sidewall inside the trench the Cu-film
has (011) texture. The probable reason for the (011) texture on the sidewalls is due
to the decrease in the grain size as a result of an additional energy minimization
other than the surface and interface energies. Therefore, we can expect different line
resistivities when the texture of the line is different [48].
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Fig. 7.15 (111) and (011) pole figures obtained by a discrete binning method for three different
line sections of pure Cu-seed (Reproduced with permission from Elsevier, Thin Solid Films, 2005)
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7.1.6 Effect of Film Thickness on the Conductivity
of Cu-Interconnects

Recent advances in the manufacturing of complex integrated circuits (ICs) have
led to different techniques for laying metal interconnection on the chip. Since the
major factor determining the chip size is the metal interconnect size and spacing,
one way to conserve the real estate while achieving highly complex circuits is to
employ more than a single layer of interconnect metal. In multilayer metallization,
the interconnecting line thickness is kept small in order to keep the die size small,
and the line above is connected to the bottom line through via to reduce the stray
resistance and capacitance.

Figure 7.16 shows the resistivity of a typical copper line as a function of thick-
ness. The metal film is deposited by atomic layer deposition (ALD) and selective
dry etching (reactive ion etching) is performed to create fine lines. It can be seen
from Fig. 7.16 that the resistivity of the film is comparable to the bulk value (1.68
n2-cm for Cu) when the film has thickness greater than 75 nm, [49-51]. On the
other hand, when the film thickness reaches 75 nm or less, the resistivity of the film
becomes significantly different from the bulk value, due to interface effects. As the
film thickness approaches the mean free path (for Cu, A ~ 40 nm) the variation of
resistivity with thickness becomes very high (as discussed earlier) [52-53, 14-15].
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Fig. 7.16 The resistivity of a copper film as a function of thickness (Reprinted with permission,
from Material Research Society, Warrendale, PA, ref. J. Mat. Res. 17, 9, Sept., 2002)

It has been observed that the average grain size within a metal film decreases
with line thinning . It is also true that the current carrying capacity of the metal line
decreases as the width of the metal line decreases. But in order to work with the same
power capacity with the thinner conducting lines, the lines are put under stress (ther-
mal and current). The stress forms voids due to metal migration (electromigration).
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However, the phenomenon of electromigration (EM) depends upon a complex set
of factors including physical, morphological, and structural properties of the con-
ducting line.

7.1.7 Diffusion Related Impacts on the Conductivity of a Cu-Line

Diffusion induced inelastic scattering changes the resistivity of a ploycrystalline film
[49-52]. In the absence of diffusive scattering (Fig. 7.6) at the boundaries (100%
specular reflection) p = 1. This means that the boundaries are ideal and have no
appreciable roughness. But in reality, thin films have sufficient roughness and they
simulate current flow only in the finite layer subject to the p = 0 boundary con-
dition. As a matter of fact, charge transfer and diffuse scattering cannot be simply
separated. The charge transferred from a metal to an adsorbate implies charge sepa-
ration and simultaneous creation of a localized static impurity potential from which
conduction electrons can scatter without conserving momentum. Alternatively, the
presence of an adsorbate layer may induce a rearrangement of surface and near-
surface bonds and thereby creating a non-conducting dead layer and a correspond-
ing increase in resistance.

As the width of the integrated circuit elements decreases, width dependent sur-
face diffusion becomes dominant over bulk diffusion. On the other hand, anisotropy
in the surface diffusivity plays a key role in the formation of slits and voids that col-
lapse into a slit perpendicular to the direction of current flow and cause open circuit
interconnect [54, 55]. It has been observed that at moderate temperatures stresses in
polycrystalline thin films can be relaxed by diffusional flow of matter between the
free surface and the grain boundaries (GBs) [56]. On the other hand, electromigar-
tion studies in Cu-lines show that mass transport is dominated by diffusion at the
interface between the copper interconnect and cap layer [57].

Experimental evidence shows that in sub-100 nm copper lines with bamboo-like
microstructure, Cu/cap layer interface diffusion is the dominant path for electromi-
gartion (EM) and the activation energy determined from the EM lifetime is found
between 0.8 and 1.2 eV [57]. However, in bamboo-like microstructure, mass trans-
port along grain boundary is neglected because of the lack of a continuous GB path.
Table 7.1 shows the comparative analysis of diffusion of copper (Cu) and aluminum
(Al). From the table we notice that the activation energy required for lattice diffusion
is higher in Cu than in Al.

Table 7.1 Comparative analysis of diffusion in copper and aluminum

Activation energy required Copper (Cu) Aluminum (Al)
Lattice diffusion 1.7 eV. 1.4eV
Grain boundary diffusion 0.7-1.2 eV 0.4-0.8 eV.

It has been observed that when Cu-interconnects are at high stress level, the
diffusion mechanism dominates the deformation process. However, at high stress
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conditions, dislocation glide and power law creep may intervene in the diffusion
process [58—61]. It is well known that microelectronic circuits fail often because of
voids and cracks that cause open circuits in the interconnects, and the magnitude of
the voids and cracks depends upon surface diffusion.

7.1.8 Cu-Line Stress and Its Consequences

Stress induced voiding in passivated copper interconnects has been examined as
a function of line-width, current induced Joule heating, temperature cycling [62],
and crystallographic orientation [63]. As the width of the metal line decreases, the
current stress increases, which causes Joule heating and weakening of the metal
interconnects. As a matter of fact, the contacts and local via holes have smallest
cross-sectional dimensions and are more vulnerable than the interconnecting lines
[64].

When the reliability of a metal interconnect is taken into account, it is found
that Cu is less vulnerable to electromigration than Al, and less likely to fracture
under stress. Figure 7.18 shows the excellent reliability of copper metal compared
to metal aluminum (Al) when stress induced effects (due to current and temperature)
are taken into account. The stress-induced effects (voids) (Fig. 7.17) are the prime
cause of electromigration in metal wire [13].

STRESS-INDUCED VOID FORMATION

ILD

Vacancies Vacancies

s Barrier/etch stop dielectric s Barrier metal

Fig. 7.17 The effect of stress induced void formation in Cu-line (reprinted with permission, Semi-
conductor International July, 2004)

In the copper damascene process it has been observed that a PVD deposited Cu-
seed layer is always in stress unless some agglomeration occurs at the interface [65].
Further studies reveal that the resistivity of the electroplated Cu layer deposited over
the seed layer is affected by the properties of the seed layer [66].

The damascene structure, confinement of submicron Cu-lines within the dielec-
tric, and inclusion of low-K and other exotic materials, have introduced misfit strain
due to the difference in thermal expansion between these materials. Moreover, any
change in interconnect geometry such as Cu-line-width, or via connection and local
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Fig. 7.18 The stress (current and temperature) induced effects on metal lines (Reproduced with
permission, IBM research)

flaws, could create a stress gradient and act as a void nucleation site. Further, the
void volume that is required to cause an observable resistance increase is expected
to be minimum when the nucleation occurs under and within via similar to those
observed in electromigration (EM) tests.

Figure 7.18 shows the stress (current and temperature) induced effects on metal
lines. It has been observed that deposited thin films introduce stress and the stress
increases with the decrease of film thickness [67-68]. The stress may be tensile or
compressive. The tensile stress can produce cracks and compressive stress can result
in buckling [69-70]. The grain size of the electroplated Cu is determined mainly by
the stress and orientation of the Cu-seed layer. The grain size of the electroplated
copper also affects [71] the resistivity of the Cu-interconnects [66].

There is an another type of stress, known as mechanical stress, which arises from
a difference in thermal expansion coefficient between copper lines and the substrate
[72]. The mechanical stress at room temperature is hydrostatic and tensile, and is
linear with temperature. Experimental studies show that mechanical stress is lower
in copper lines than in aluminum lines [73].

7.1.8.1 Stress Evolution Related Resistivity

In the model based on Clement and Thomson, the resistivity (p) of the line is related
to the stress evolution according to the piezoresistive effect [74]. For vacancy fluxes
we can present a mathematical model as:

(ac/dt) = VJy + G (7.15)

where C is the relative vacancy concentration (C = Cy / Cr = Cp exp. (0’ Q / kT),
where Cy and Ct, are the vacancy and lattice site concentrations, respectively, C is
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the initial relative vacancy, o the mechanical stress, €2 the atomic volume, k the
Boltzmann constant, and T is the absolute temperature), Jy is the flux vacancy,
and G is a source/sink term describing the annihilation and creation of vacancies
( = (@Cr/ot) = —(Cr/B)(d0/dt), where B is the bulk modulus, and can be
defined as (l / B=1 / B, + 1 / ueﬂ), where By, and efr are the bulk modulus of
metal and the effective shear modulus of the surrounding linear and dielectric mate-
rials, respectively).Now, the piezoresistive effect relates the change in the resistivity
(p) of the Cu-line due to the change in stress (o) as:

(1/0) (90/80) = apr (7.16)

where apr is the piezoresistive coefficient of copper. By replacing the value of o of
the above equation we can write:

(p/p0) = (C/Co)’ (7.17)

where pg is the initial resistivity of the Cu-line. Now the change in resistivity at
saturation for the Cu-line with blocking boundaries at both ends can be related to
the threshold product (jL)c = (200¢)/ Z* e p, where j; is the critical current density,
L. is the critical length of the line (Blech length), €2 is the atomic volume, o, is the
critical stress, Z* is the effective charge number, e is the electronic charge, and p is
the resistivity of the Cu-line [75].

7.1.9 Conduction of Heat Through Cu-Interconnects

The metallic characteristics of a conductor are predetermined jointly by the number
of electrons free to participate in the transport processes, and their mobility. The
other important criterion of a conductor is its ability to conduct heat (heat dissi-
pation capacity) efficiently, which is measured by the thermal resistance Ry, of the
metal. The values of Ry, for aluminum (Al) and copper (Cu) are (Ri)a] = 5.88 K/'W
and (Ryp)cy = 3.57 K/W, respectively, which indicate that Cu will dissipate more
heat per square area than Al. At a given temperature, the thermal and electrical
conductivities of metals are proportional, and the rise of the temperature (7) will
increase the thermal conductivity (K) while decreasing the electrical conductivity
(o). This behavior is quantified in the Wiedemann—Franz law with a constant of
proportionality L, called the Lorenz number (K / ol = L) = (n2 / 3) (k / e) =
244 x 10 -8WQ/K2.

The Wiedemann—Franz (W-F) law holds when the collisions are elastic. The
dominant scattering mechanism at low temperatures is due to static defects, and
because these collisions are elastic the W-F law holds. At high temperatures,
electron—phonon collisions only cause a small change in the electron’s energy rela-
tive to kT after the collision. Thus the law also holds at higher temperatures.

As the device size decreases, the current generation inside integrated circuits
(ICs) has become comparable to the phonon mean free path in the substrate. It is
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projected that the device size will be much smaller within ten years. As a result of
scaling, the heat conduction on nano-scales and in ultra-fast processes will deviate
from the prediction of Fourier’s law due to boundary and interface scattering and the
finite relaxation time of heat carriers [76—78]. The effect of lattice scattering on the
thermal resistance of the Cu-line can be modeled similarly to the model presented
in Equation (7.8).

Table 7.2 shows a list of the thermal conductivities of some metals, which are
very frequently used in integrated circuit fabrication.

Table 7.2 Characteristics of the metals of interest for metallization in IC circuits

Heat Thermal Temperature Lorentz number 1078
conductivity expansion Coefficient of W-ohm/K?
Metal Cal/s-cm? X107 °K resistance (TCR) 373K
Aluminum 0.504 23.1 0.0034
Copper 0.918 16.5 0.00393 233
Gold 0.700 14.2 0.0034 2.40
Silver 0.79 18.9 0.0038 2.37
Molybdenum 0.346 4.8 0.0033 2.79
Platinum 0.1664 8.8 0.003 2.60
Tantalum 0.130 6.3 0.0031
Tungsten 0.476 4.3 0.0045 3.20

7.1.10 Thermal Cycling (Annealing) Related Phenomena

Annealing is routine work after thin film deposition to remove structural defects. In
certain cases, moderate heat treatment may lead to an increase in resistivity because
of oxidation and/or agglomeration [79—-80]. The change in resistivity during anneal-
ing is thought to be due to migration of vacancies and interstitials towards each
other, and the change is dependent on the contribution to the residual resistivity
[81-82]. However, annealing in the presence of nitrogen decreases the number of
distortions. It is believed that nitrogen atoms act separately on the individual atoms
that compose the distortion, and thus allow it to be destroyed [83]. Improved stress
voiding resistance following heat treatment has been observed when mis-orientation
angles at voided and no-voided line segments are analyzed for two different heat
treated Cu-samples [84].

The amorphous state of some metals is considered as supercooled liquids hav-
ing low electrical resistances. When they are annealed they show increased elec-
trical resistance [85]. Similar results have been observed with copper, when it is
deposited on an amorphous Ta; 3N barrier layer [86]. As-deposited copper film on
amorphous TaN shows small peaks around (111) and (220). After annealing at 500
°C and above, the (220) peak becomes more intense, which is due to the change
in phase of TaN (from amorphous to crystalline). As TaN changes its phase and
forms crystallites at higher temperatures, the copper atom diffuses through the grain
boundaries.
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Experimental study shows that when Cu-interconnects undergo thermal cycling
between —180 °C and room temperature they exhibit a longitudinal strain and trans-
verse tensile strain of approximately 0.10 and 0.05%, respectively [87-88].

Figure 7.19 shows a [233] zone axis pattern obtained from a single grain in a
copper-interconnect when the specimen is held at —180 °C. Thermal cycling can
also introduce stress inside Cu-interconnecting lines, which can result in voids and
ultimately lead to open circuit failure [8§9], which can be a reliability problem.

Fig. 7.19 [233] zone axis pattern and the same pattern with kinematical simulation (Reprinted
with permission, Materials Research Society, Warendale, PA)

To study the variation of resistivity (p) with temperature (7), it is necessary to
calculate the collision time, the only term in electrical conductivity which varies
with temperature. Let us consider that P is the probability for an atom having ther-
mal energy higher than that necessary to become an obstacle. Among the N; atoms
there are constantly creation and annihilation of obstacles. Let p. and p, be the
corresponding probabilities. In the stable condition of current flow, there will be a
balance between creation and annihilation of obstacles {(N; P p, = N; (1-P) p.}.
As the temperature increases, the value of P will also increase and the resistivity (p)
will be equal to pt = po{(P)/(1-P)}, where pg is the resistivity at room temperature,
and pr is the resistivity at a higher temperature.

During thermal cycling, we can expect that the temperature dependent resistiv-
ity (pt) of the Cu-interconnect will follow the Matthiessen—Vogt equation [90-91].
This equation can be written as pt = pg (C)+ pNep (T) and will be influenced by (a)
electron—electron scattering, (b) electron—phonon scattering, (c) inelastic electron—
impurity scattering, (d) localization and electron—electron interactions with weak
disorder, (e) surface scattering, (f) scattering from dislocations, and (g) scattering
from metallic impurities.

In addition, encapsulated at high temperature 7Y, triaxial tension will be devel-
oped upon cooling due to thermal misfit strain (oy—0os) (Tp—7), where aypand og are
the thermal expansion coefficients for metal and substrate, respectively. The triax-
ial tension together with the mechanical constraints arising from the liner and the
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surrounding dielectric materials can change the resistivity of the submicron copper
lines.

Failure of the Cu-interconnecting lines under current load can also be related to
I?R losses (Joule heating). The current carrying capacity of a conductor primarily
depends upon: (i) the resistance offered by the metal in the flow of electrons; (ii)
the temperature coefficient of resistance (TCR); and (iii) thermal transfer where the
conductor is surrounded by a thermal insulator.

7.2 Electromigration (EM)

7.2.1 Electromigration (EM)

Electromigration is the result of momentum transfer from the electrons to the ions
which make up the lattice of the interconnect metal. In aluminum (Al), electromi-
gartion (EM) is a grain boundary diffusion phenomenon whereas in copper (Cu) it is
a surface diffusion phenomenon, because of the damascene structure. As a matter of
fact, in conventional metallization with aluminum, electromigration failure mecha-
nisms were established for wider interconnect lines, typically 5-20 grains across the
line-width, which require grain boundary diffusion pathways for the electron wind
driven mass flux [92].

As the line-widths become comparable to the grain size, the electrical, mechani-
cal, and physical characteristics of the metal lines can no longer retain the properties
of the bulk material. In addition to that, metallic lines experience very high current
densities, which lead to reliability issues like, EM, void formation, hillock forma-
tion, track thinning, and stress (Fig. 7.20).
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Fig. 7.20 Formation of voids, grooves, hillocks, and metal thinning due to metal migration

EM behavior on on-chip interconnect structures has been significantly affected
by recent changes, such as replacing aluminum with copper [93], replacing silicon
dioxide (SiO;) with low-permittivity dielectric materials [94—95], removing shunts
[96-97], and adding caps.

The Cu-damascene process is very different from the old generation Al-
metallization process. In the old generation, the TiAl layer used to provide a shunt,
but in the new generation (damascene process) TaN liners are ineffective as a shunt
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layer [98]. In the Cu-damascene process electroplated copper is deposited inside the
patterned structure and is confined within the barrier layer. It has a strong <111>
texture, which is weakened due to twin formation (115 in Fig. 7.21) [99] and it
undergoes abnormal grain growth or re-crystallization at room temperature [100].

111

Grain
Orientation

Fig. 7.21 The grain orientation of copper-interconnect with a twin (115) (Reprinted with permis-
sion, N. Tamura, LBNL)

Grain growth at room temperature leads to a non-uniform distribution of large
grains and clusters of small grains in the interconnect. For copper, EM is a surface
related phenomenon, and the formation of twins rather than grain boundaries is
important [101].

7.2.2 Mechanism of Electromigration (EM) and Its Effects

As the interconnecting Cu-line shrinks in dimension, the interface EM is likely to
be the most active EM failure mode in Cu interconnecting lines [102]. Experimental
evidence shows that under a current stress of 10’ A/cm? the grain size changes from
0.03 to 1 wm [103] and the current stress helps in mass migration and the formation
of hillocks and voids. The void volume is seen to be a function of time [104]. For
dual-damascene (DD) Cu-interconnects, EM failures are modulated by the direction
of electron flow relative to the via/line arrangements and can be summarized into
two distinctive categories: via above and via below. For via above Cu-lines, the
electrons flow from via through liner into the line in the lower metal layers. Because
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of the zero atomic flux boundaries imposed by the liner, EM voids are always located
in the proximity of the via bottom and predominantly nucleate at the Cu to etch stop
interface due to poor adhesion. On the other hand, in via below Cu-interconnects,
where electrons flow from via into the interconnect above, the exact location of void
nucleation is the result of competition between flux divergence at the bottom of the
via and lower critical stress for void nucleation at the etch-stop/Cu interface on top
of the line.

Figure 7.22 shows a scanning electron micrograph of a hillock formed due to
positive mass flux divergence or metal migration. Growth of hillocks (Fig. 7.22) is
a kind of surface perturbation, which can lead to short-circuiting with the adjacent
interconnect. Indeed the surface perturbation can be thought to be due to both the
applied electric field and stress gradient. The atom flux due to EM can be written as:

Fq = (D/QKT) (Z* epj + Q (30 [9x)) (7.18)

Fig. 7.22 Out-diffusion of Cu and formation of a hillock (Photo courtesy, Agere Systems)
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where j is the current density, D the diffusion coefficient of atoms, €2 the volume per
atom, k Boltzmann’s constant, T the absolute temperature, Z* the effective valence,
e the elementary charge, p the resistivity, and o the stress which is equal to B6. B is
the effective elastic modulus (as described earlier), and 6 is the volume fraction of
atoms depleted from a segment of the line. The first term of Equation (7.18) is due
to the wind force and the second term is due to the capillary force [105].

The migration of the metal is due to the direct force and the wind force. The direct
force is the result of the electrostatic interaction with the field, whereas the wind
force is due to momentum transfer from the carriers (electrons). When the electrons
of the metal gain momentum they interact with the imperfect lattice and scatter. The
scattering phenomenon causes more vibration of the adjoining atoms, which is a
source of resistance and Joule heating. As the interconnecting metal lines shrink in
dimensions, the resistance and Joule heating are expected to increase.

A finite element based on compact thermal modeling methodology has been
developed to obtain the temperature rise in Cu-interconnects due to Joule heating.
This approach uses continuum based thermal modeling based on Fourier’s law of
heat conduction. The compact elements include both metal and dielectric. The tem-
perature drop across the cross-section is ignored and thermal conduction along the
length has been given significant importance. The error in compact model predic-
tions for three-dimensional interconnects terminated by via holes has been found
within 5-10% of the detailed simulation [79].

Now we can define Joule heating in the fine metal as the thermal accelerating
process, which causes current crowding and local heating that in turn further accel-
erates the void growth [106]. The heating effect refers to those caused by the atomic
flow in the direction opposite to the electron flow. The back flow sometimes acts as
a healing process in EM.

The EM failure mechanisms are thought to be due to the metallurgical statistical
properties of the interconnects and the thermal acceleration process.The metallurgi-
cal statistical properties of the metal depend on the microstructure of the intercon-
necting wire. The microstructure of the interconnecting line depends on the grain
size, the distribution of the grains along the grain boundaries, and the orientation of
the grains with respect to current flow.

Electron back-scattered diffraction (EBSD) studies reveal that a bamboo-like
microstructure is found in the narrow line whereas a polygranular structure is devel-
oped in wider lines. The fraction of Y 3 boundaries is increased as the line-width
increases but is decreased in blanket film [107]. The bamboo structure (Fig. 7.23)
eliminates the high diffusivity grain boundary transport paths [108], which result in
slower vacancy diffusion, because in a perfect bamboo structure there are no triple
junctions and there is no continuous grain boundary pathway down the interconnect
line.

However, the liner/Cu interfaces at the lateral and the bottom sides of the lines
have been observed to be coherent and robust and are not believed to be diffusion
paths. Some observers [109] noticed that as long as the liner for Cu-interconnects is
not very thin and the effective modulus of the material remains intact, the liner does
not introduce any threat due to EM. Thus when the Cu-line is coherent and robust,
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(a) (b)

Fig. 7.23 (a) Schematic of a bamboo structure and (b) EBSD map of a Cu-interconnecting line
showing the grains inside a bamboo structured film (Photo courtesy HKL Technology Inc., Ger-
many)

Fig. 7.24 Migration of copper from Cu-interconnects along the cap dielectric-layer (Photo cour-
tesy, IBM Research)

the cap dielectric material is believed to be the source of EM in Cu-interconnecting
lines (Fig. 7.24).

As a result, the liner has a strong influence on EM reliability, and studies show
that via/liner contact should be robust in order to have better EM reliability of the
Cu-interconnects [110].
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7.2.3 Void Formation

Experimental observations show that when other fast diffusion paths such as grain
boundaries (GBs) are not available interface diffusion can lead to global thinning
of the wire [111], which can lead to lateral void growth over a large area. This is
in contrast to the catastrophic open circuit failure in near bamboo Al-interconnects
[112, 113].

As electron flow drives copper atoms to drift in a line, a void forms at the
upstream via [113, 96]. Moreover, there might be a discontinuity between the
via hole and the line beneath it. The current crowding effect and the associated
increase in temperature make the via a more vulnerable site for EM induced voiding
[114-115].

Void formation (Fig. 7.25) occurs in the interconnecting metal lines due to a
combination of stress and electromigration. The formation energy of voids in bulk
aluminum (Al) and copper (Cu) has been calculated on the basis of the embedded
atom method (EAM) and is found to be ~5.2 and 7.7 eV, respectively [116-119].
Thus voiding can lead to an increase in resistance or open circuit failure in copper
interconnects.

Fig. 7.25 Void formation in
a Cu-interconnecting line
(Photo courtesy Agere
Systems)

As the feature size becomes smaller and smaller and the aspect ratio (AR) of the
trench and via holes increases, unsuccessful filling inevitably leaves seam lines and
transforms into nano-size voids. The nano-size void grows with time and consumes
surrounding nano-size voids. This is known as the Oswald ripening process [120].
As the vacancy at a higher potential migrates to a vacancy at a lower potential the
larger voids become larger, and smaller voids become smaller.

In a copper damascene interconnect there are two sites where generally voids are
formed (a) top interface above via hole (A) and (b) bottom of via hole (B) (shown
in Fig. 7.26).

Copper (Cu) atoms at the top of the via hole (top interface, A) are forced to move
by the electron drag force through the top interface, and a vacancy is created. In
order to compensate the annihilated volume of the vacancy, a tensile stress is built
up along the perpendicular direction, and with time the tensile stress at point A or B
reaches a certain limit to nucleate the void. It has been estimated that the difference
in stress between point A and B is only 8% [121]. However, as the interface energy
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Fig. 7.26 Diagram of the
damascene structure (cathode A
side)
["4— Via hole
e > B

release rate of Cu/SiN is less than Cu/TaN, we can expect that void formation at
point A will be earlier than at point B [122].

Recently, Lane et al., [123] have demonstrated that the EM lifetime can be
improved by optimizing the interfacial bond and by adding different cleaning pro-
cesses. However, the lifetime of the interconnecting lines is difficult to predict,
because it depends on a complex set of factors including microstructures (grain
size, grain boundaries, etc.), the geometry of the lines, the current density, the tem-
perature (Joule heating), and the substrate material. The distribution of voids within
an interconnecting line has been calculated as a function of time using a transient
model and the calculated median critical volume per unit area and has been found
to be ~145 nm [124, 114].

7.2.4 Analytical Model on Stress Related EM

Electromigration (EM) induced stress evolution in interconnecting metal lines has
been described by the Korhonen model [74]. Now we can take it for granted that EM
is the process of self-diffusion due to momentum exchange between electrons and
atoms. The dislocation of atoms causes stress build-up which can be represented by:

{(90 /o0)} = 0 /0x [y (B2 /K12 €)] [90 f0x - elE/2])
where

o (x, t) = The stress function

D, = Diffusivity of atoms

B = Elastic modulus

2 = Atom volume

k = Boltzmann’s constant

T = Temperature in absolute

€ = Ratio of the line cross-sectional area to the area of the diffusion path
e = Electronic charge
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| = Length of the effective diffusion path of atoms
E = Applied electric field.

If we assume a uniform temperature across the interconnect characteristic length
(D), and BT = [Da (BSZ/KT2 e)] and o (j) = (qlE/Q), we obtain the following
simplified version of Equation (7.19) as:

{(30 f3r)} — {(8/0x) BT} {(d0 /ox—a ()} = O. (7.20)

According to the above model (Equation 7.20) the incremental change in the
hydrostatic stress (do) per unit stress (o) can be related to the change in the number
of available lattice sites per unit volume (dV) as:

(av/V) = —(do [a0) (721)

where 0 is the volume fraction of atoms depleted from the segment of a Cu-line, and
o0 is the effective elastic modulus. The hydrostatic stress (o) for a given set of free
strains (€1, €2, €3) has been calculated using finite element analyses (FEM) and has
been related to the dilation as:

(dV]V) = (e1 + &2 + €3) (7.22)

where €= e;= 0 for damascene Cu-lines with SizNy as an interlayer diffusion
barrier. The study shows that the EM induced stress change has little effect on the
effective modulus of the interlayer dielectric (ILD), because in the Cu-damascene
architecture, Cu is not in direct contact with the ILD, but is surrounded by a liner
material (Fig. 7.27) [108].

From the above discussions, we can assume that as a result of stress (Fig. 7.27)
in the Cu-interconnects, voids and hillocks will be found along the Cu-lines. Con-
sequently, these will result in grain growth near the hillocks, and the majority of
them overlay triple junctions, which causes the climb of grain boundary (GB) dislo-
cations. The compressive stress due to climb of GB dislocations can be relieved by
lattice dislocations, which is emitted from the GB steps and glide to the free surface
[104].As a matter of fact, partial dislocations play an important role in the plastic-
ity of nano-structured thin films and the grain boundary structure has a significant
influence on dislocation density in neighboring grains.

There are two kinds of stresses developed in a Cu-interconnect: tensile stress
at the cathode, which can cause voiding; and compressive stress at the anode end,
which can cause extrusion. Extrusion is not the primary failure mode during ser-
vice conditions or in accelerated testing. Stress in copper interconnects has been
measured by using a bending beam system [75].

In addition to the current stress (Equation 7.18), large stresses can also develop in
thin metallic Cu-lines attached to the barrier and cap layer due to large differences in
thermal expansion coefficients between metals (Cu/Ta) and the dielectric materials
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Fig. 7.27 Schematic of a
Cu-damascene structure with
Cu-lines and ILD. The
Cu-line is embedded within
the barrier layer and not in
direct contact with the ILD
(Courtesy NEC) M2 .
Y SiOC
SiC .
SiQ
(k=3.5)
V1 H sioc
A
. SiO
CuSiN
M1 SioC
SiCN

(TaN and Si3Ny). As a matter of fact, during thermal cycling the interface layers
experience thermal extrusions and induce plastic deformation accompanied by creep
and interfacial sliding [125].

For passivated films, stress relaxation is more sensitive to interface diffusivity
than in unpassivated films where surface diffusivity is faster than grain boundary
diffusion. In electroplated Cu-films, within a certain range of temperature the stress
diffusion mechanism dominates the deformation process. However, when the stress
is higher, dislocation glide, and power law creep may intervene in the diffusion
process. Figure 7.28 shows that failure times on mesh-type structures with Cu-Cu
(DD) build are distributed log-normally within a temperature range 225-275 °C.
The failure times obtained at 225 °C are about 5x larger compared to Cu-W-Al
indicating that Cu-Cu (DD) designs are more robust with respect to wear-out by
stress migration.

When Equation (7.20) is solved with different time dependent o functions, one
finds that a time varying current cannot create a stable counterbalancing stress gra-
dient for EM.On the other hand, when Equation (7.20) is solved with § (7), variable
with time, EM stress build-up can be derived as [123]:

oo (1) = o1 [(1/B1) S5 B(D) (1))dr (7.23)
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Fig. 7.28 Failure times on mesh-type structures with Cu-Cu (DD) build are distributed log-
normally within a temperature range 225-275 °C (Courtesy, Infineon, Tech. AG, Munich)

If we assume that the stress build-up reaches a certain threshold value (o) at
which an EM failure occurs, we have

f]gailure 0 B () dt = om (7.24)

7.2.5 Effect of Microstructure of the Film on Mass Migration

During annealing, an abrupt local change in grain size is observed in the metal
lines. The local variations in grain size create steps in between different grains that
result in current crowding. As a result, an abrupt change in grain size superimposed
on current crowding accounts for degradation of the mean time to failure (MTTF)
[126]. At the same time the stress migration failure rate increases as the line-width
decreases below 3 wm [127-129].

EM induced voids can be shallow edge notch type, equiaxed type, or narrow slit
type, according to the variation of the length to the width of the line. In the first case,
the void length increases as the width remains constant; in the second case both the
length and the width increase with time, and the last one occurs when a notch is
produced. It has been observed that prior to open circuit due to electromigration,
numerous events take place, e.g., grain growth, precipitation, erosion, etc. All these
contribute towards the change in resistance and 1/fnoise of the film [130-131].

In the copper-damascene process the seed layer is deposited either by chemical
vapor deposition (CVD), physical vapor deposition (PVD), or atomic layer deposi-
tion (ALD). Over the seed layer, copper (Cu) is electroplated. CVD/ALD grown Cu-
interconnects have fine grain structures (with CVD the median grain size is 0.29 pm
and with ALD itis ~47 nm), whereas electroplated copper has a near-bamboo struc-
ture [132]. As a result, electroplated copper is much more reliable than CVD/ALD
grown Cu [133-136].
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Figure 7.29 shows a scanning electron microphotograph of (a) a 180 nm thick
Cu-seed layer and (b) a 1500 nm thick electroplated Cu-film. The grain size of the
copper seed layer is much smaller than the bamboo (columnar) structured electro-
plated copper film [137].

180nm Cu seed 300nm EP Cu 800nm EP Cu 1500nm EP Cu

Fig. 7.29 Scanning electron photomicrograph of (a) thin seed layer and (b) the electroplated thick
copper (EC) layer (Reprinted with permission, Solid State Technology, August 2000, p. 64)

The electroplated Cu-film is observed to recrystallize at room temperature, a phe-
nomenon known as self-annealing. As a result the as-deposited Cu-film, which gen-
erally shows a grain size of 100 nm, starts to grow larger in size and within a week it
transforms into a lump size grain (Fig. 7.11). This feature is comparable to a highly
deformed metal piece that has a high density of dislocations. The self-annealing of
the grains introduces a change in the texture of the film. The overall texture changes
from <111>to <200> and <422> [138]. The EM in sub-100 nm Cu-interconnections
shows a dependency on the grain structure [139]. The debatable result of the study
shows that the well-textured lines with <111> grains are more EM resistant than
those with poorly textured <100> grains [138].As a matter of fact, the dynamic
recrystallization leads to a balance between grain size reduction and grain growth
processes set up in the neighborhood of the boundary between the dislocation field
and the diffusion creep field.

The microstructure of Cu-interconnecting lines is dominated by the abundance
of grain boundaries. The higher angle of the grain boundary (>10 pm misorien-
tation) with a > 3 twin boundary may have significant benefit on the electrical
properties and lifetime of Cu-interconnecting lines, while the microstructure of Cu-
interconnecting lines with non-twins may be a source of defects and can help in EM.
As a matter of fact, the fraction of X3 twin boundaries is increased as the line-width
increases but is decreased in blanket film [140]. It has been observed that <111>
growth structure has a minimum surface energy, and <200> texture has minimum
strain energy. Thus as-deposited film will prefer a texture that minimizes the energy.
But after annealing between 300 and 400 °C the film develops compressive stress
and <100> texture changes to <200>.
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7.2.6 Effect of Solute on Electromigration

The addition of a small amount of copper (Cu) in aluminum (Al) showed much less
electromigration (EM) [141]. As a matter of fact, solute atoms of Cu in bulk Al are
known to enhance the lattice diffusion. The possible explanation for the experimen-
tally verified fact is that, in polycrystalline metal film, the addition of Cu to Al film
forms Al,Cu, which precipitates in Al grain boundaries. These precipitates dissolve
and serve as sources of Cu to replenish the loss of Cu in grain boundaries when EM
depletes them by driving them into the anode [142]. Slowing down of diffusivity
of Cu has been found in the Cu-damascene process, when tin (Sn) is added to Cu
[143]. A possible explanation for this is due to the strong binding force between Cu
and Sn atoms. However, above 350 °C the effective EM of Cu-atoms through grain
boundaries is not reduced much.

7.2.7 Melting Temperature of a Metal and Its Effect on Grain
Growth

Melting points of metals have a profound effect on the mobility of the atoms. Mate-
rials with low melting temperatures, like aluminum (Al), have high atomic mobility,
and will show high grain growth during deposition. On the other hand, metals with
high melting temperatures will have small grain size during film growth (Fig. 7.30).
According to this theory, copper (Cu) should have an intermediate grain structure
during initial growth of the film, but unfortunately it has big driving force for grain
growth even at room temperature [138, 144].

Fig. 7.30 Different grain growths (a) in Cu and (b) in Al film (Reproduced with permission, AIP)

Figure 7.30 shows different grain growths in Cu-film and Al-film during current
stress. The grain growth in Cu-and Al films is observed from 0.2 to 1 wm and from
0.1 to 1 pm, respectively.
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7.2.8 Effect of Temperature on EM

The ever increasing speed and functionality of silicon based integrated circuits (ICs)
have resulted in a dramatic reduction of interconnect metal pitch and have increased
the number of metallization levels to accommodate the ever increasing numbers of
wired circuits per chip. As a result, thermal effects (due to self- or Joule heating)
have affected the maximum allowable RMS value of the current density (J), the life-
time (reliability) due to electrtomigration (EM) (which has an exponential depen-
dence on inverse metal temperatures) [145], and induction of open circuit metal
failure with short duration of high peak currents including electrostatic discharge
(ESD) [146].

7.2.9 Current Density and Its Effect on EM

It has been observed that when the interconnect Cu-lines have a turn of 90°, a very
high current exists at the inner edge of the turn and the current density gradient
decreases from the inner edge to the outer edge of the turn. As a result, scattering
on the higher current density side becomes higher than that on the side having
lower current density, and a net force (Fye) pushes the vacancy down the gradi-
ent (Fig. 7.31) [142]. On the basis of the scattering, the force is expected to have a
square dependence on current density, and the vacancy flux driven by the gradient
of the force (Fyet) can be written as:

Fflux = C, (D/KT) (-dP/dr)....
Where, ACyis the excess vacancy concentration, D the
diffusion coefficient, k the Boltzmann constant,

B T the absolute temperature

P =(ejA Ap), where e is the effective charge,

90° Jj the current density, and Ap the
resistance
in the vacancy in the lattice and A is the scattering
cross section

A
F

net

Fig. 7.31 Two interconnect lines A and B turned at an angle 90°. F is the net current density
force

7.3 Summary

Bulk copper (Cu) has higher conductivity and higher resistance to electromigration
(EM) compared to bulk aluminum (Al). But as the feature size decreases to the sub-
100 micron level, the thin lines cannot retain the electrical, mechanical, and physical
characteristics of the bulk metal. When the lateral dimensions of the Cu-lines are
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scaled to values ~100 nm and less, the resistivity of the lines increases roughly to
a factor of 2 higher than the bulk value. At the same time the self-heating of the
interconnect is further aggravated because of Joule heating. In the Cu-damascene
process, Cu-lines are confined within the barrier layer and as a result the charge
carriers are scattered at the sidewalls and affect the resistivity of the lines. Additional
changes to the resistivity of the fine lines come from grain boundary (GB) scattering.

The small dimensions of the lines produce stress on the metal lines. The stress
can be a source of mass migration, which can form voids and hillocks and ultimately
can be a source of device failure (due to open or short circuits). The stress may be
due to excessive current density, or self-heating. Due to thermal or electrical stress,
the fine Cu-lines suffer the same EM-reliability problem as Al-lines. However, due
to the higher bulk conductivity in Cu, EM related reliability problems might not
be as severe in Cu-interconnects as is observed in Al-interconnects at a particular
current density.

The additional burden with the Cu-interconnects is the diffusion barrier
layer. This has added complexity, like nucleation, morphology (grain size, grain
boundaries, etc.), interface layer, and overall the effective resistance of the conduct-
ing lines [147-149].
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Chapter 8
Routing and Reliability

8.1 Routing

8.1.1 Introduction

Increased complexity and functionality in semiconductor devices have placed a
greater emphasis on interconnect routing, where RC (R is resistance and C is capac-
itance) delay has become one of the most significant factors affecting chip perfor-
mance. Interconnect routing within a block is called local routing, which is short
and where C effects dominate. In global routing, interconnect lines are long and
both R and C determine chip performance. Efforts to minimize routing delay have
largely concentrated on rapid introduction and integration of new materials (copper-
low-K), new processes for achieving dimensional control (atomic layer deposition
and advanced lithography) (Fig. 8.1 a), change in design layout (Fig. 8.1b), and
maintaining physical and electrical reliability (noise figure, cross-talk, etc.) of the
routing structures. These changes must be met while maintaining manufactura-
bility and defect management targets that will meet overall cost and performance
requirements.

(a) (b)

Fig.8.1 (a) 70 nm NMOS transistor and (b) damascene copper interconnect (Photo courtesy Intel)

Tapan K. Gupta, Copper Interconnect Technology, 347
DOI 10.1007/978-1-4419-0076-0_8, © Springer Science+Business Media, LLC 2009



348 8 Routing and Reliability

On-chip routing is somewhat immune from electrical problems when the length
is much smaller than the wavelength of the signals within the chip. On the other
hand, as the operating frequency of the chip increases beyond 1 GHz, long routing on
large chips behaves like distributed electrical lines. For example, a microprocessor
unit (MPU) (Fig. 8.2) can carry almost 1 billion transistors on a chip [1], and a giga-
transistor chip can carry more than 10,000 I/Os off the chip, thus making interconnect
routing between the pads of the chip require more than 40,000 microvias.

Fig.8.2 A 486DX4 R ' e
microprocessor with 1.6 = ! -
million transistors (Photo
courtesy AMD)

VLRI

In order to accommodate these interconnecting lines and vias within a single
chip, the size of the chip has to be increased and the feature size of all the elements
within the chip has to be scaled down. The scaling incentive has been fortified by
the added bonus of increased device speeds resulting from smaller channel lengths.
Device speed (the latest supercomputer is expected to sustain speeds of 36 teraflops,
and will model the folding of human proteins; a teraflop is 1 trillion calculations per
second), which was formerly insignificant, is becoming a bottleneck because of its
tendency to degrade with scaling [2—4]. Larger chips demand longer interconnecting
lines and smaller devices demand closely packed routing (smaller pitch). As a result,
resistance and capacitance (RC) within a circuit have increased causing more RC
delay (Fig. 8.3) [5-6].

As we move into the sub-100 nm regime, the RC crisis is severe, because the
interconnect RC delay largely determines the chip performance instead of the intrin-
sic gate delay (Fig. 8.3). Implications of rising R and C values in a circuit can go far
beyond the time delay, creating problems with noise tolerance, power dissipation,
and electromigration [7-8].
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Fig. 8.3 The impact of the
feature size on the RC delay
of the circuit (Reprinted with
permission Solid State
Technology, Oct. 1998, p. 63)

8.1.2 Methods of Improving Interconnect Routings

8.1.2.1 Materials

At the beginning of the 21st century, the technology node has reached 0.1 pm
[9-10]. To maintain the same RC delay at 0.1 wm design rules with conventional
metal aluminum and dielectric silicon dioxide (Al/Si0;) we may need more than
10 metal levels (V). To limit NV and to keep the metal pitch tight, the R and C values
of the circuit have been reduced by using copper (Cu), which is about 35% lower
in resistivity than aluminum (Al), and low-K materials having lower K than con-
ventional SiO;. This has benefited in designing low-power Static Random Access
Memory (SRAMs) to reduce the bit line voltage swing for reads [11-12] and the
data bus voltage swing [13]. It is also expected that copper lines will reduce the
power consumption and RC delay of long interconnects (Table 8.1).

Table 8.1 Distributed RC time constants for three different metals commonly used in IC circuits

Material Resistance, in ohms Distributed RC (time constant) Delay (90%) Delay (50%)
Aluminum (Al) 245 0.49 ns 0.49 0.19
Copper (Cu) 156 0.31 ns 0.31 0.12
Silver (Ag) 151 0.30 ns 0.30 0.12

In the early 1970s, all interconnections were pure capacitive loads and the size
of the driver and length of the interconnections was used to determine the delay
time. As the chip grew larger and the minimum feature size shrunk (between 0.18
and 0.1 wm), Rjy (Fig. 8.6) gained importance, because the parasitic resistance of
the interconnecting routes becomes comparable to the channel resistance. In order to
minimize the RC delays due to Riy contributions, two approaches are becoming very
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much popular. The first one deals with the reduction of interconnecting resistance
by using copper, with multilevel interconnections, and the second one deals with the
use of repeaters that divide the interconnections into smaller subsections [14]. It can
be seen that delay becomes dominant by Rj,; Ciyt as dimensions are scaled down.

It is also true that the Rjy; Ciy constraint is not the only factor driving the evolu-
tion of the interconnecting systems. However, the introduction of copper and low-K
dielectric materials has been observed to improve the RC delay. A six-level copper
wiring process in complimentary metal oxide semiconductor (CMOS) logic circuits
is a typical example of a hierarchical interconnecting system in which the succes-
sive RC constant delay has been reduced by a factor of (1/ 22) [15]. In the year 2000
the CMOS technology was updated with eight levels of Cu-interconnects (with wire
bond pitch of 60 pwm) together with a low-K (SiLK) interlayer dielectric (ILD) to
reduce the resistance and capacitance values of the circuit. The low-K dielectric
material (SiLK) is introduced with dual hard mask patterning (Fig. 8.4)

Fig. 8.4 The eight-level Cu-interconnecting lines with low-K dielectric (SiLK) (Courtesy IBM
Research, E. Birth, IBM Microelectronics, Hopewell Jn., New York, 9S BEOL stack)
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8.1.2.2 Process Integration

Interconnect routing within the chip is achieved by deposition of thin films (met-
als and dielectrics) by physical vapor deposition (PVD), chemical vapor deposi-
tion (CVD), sputtering, atomic layer deposition (ALD) and spinning (in the case of
dielectric polymers). According to the requirements, the deposition procedure can
vary from time to time. Most of the time these films are polycrystalline and/or amor-
phous in nature. Resistance or sheet resistivity of a polycrystalline or an amorphous
film is very much different from the bulk material.

The effective resistance (Reff = (1/R1)+(1/R7)) of the Cu routing (R) will depend
on the resistance of the substrate (R;). For example, Cu-interconnecting lines are
deposited on thin barrier layer (mostly transition metals and their compounds) of
higher resistivity. Thus the effective resistivity of the Cu-routing on the barrier layer
will be different from the resistivity of the deposited Cu-lines alone (Fig. 8.5) [16—
17]. Moreover, if there is an interaction between the substrate and the metal routing
(formation of alloy/s) the electrical and mechanical properties of the interface layer
will change drastically.

8.1.2.3 Advanced Lithography

There is a growing need for lithography materials and systems that will provide
higher resolution. One method of achieving an improvement in resolution is through
the use of shorter wavelength radiation with higher energy. As a result the industry
has moved from 365 to 257 nm (deep UV) exposure from high-powered excimer
lasers (especially KrCl and KrF). For lithography materials, the mid-UV conven-
tional positive resist can be used by changing the photoactive chemical (PAC), but
with deep UV, no such easy solution exists. Thus the demand for high resolution
depends on proper formulation of the resists, design of the optical system, and the
power and wavelength of the radiation source.

8.1.3 Interconnect Routing Design

8.1.3.1 Repeater Design

In order to address the odds that are hindering the progress of sub-100 nm tech-
nology, several mitigating solutions have been proposed for the physical design of
interconnect routing. In high-speed systems, the distribution of signal and power
and containment of noise are the major design issues. On the other hand, in global
interconnections long wire length not only degrades the signal propagation delays
(RC) but also makes it very difficult to design a good power distribution network. A
typical global interconnection route generally has a length of (/A¢ /2), where A is
the chip area, and the interconnect length in the circuit, / (Fig. 8.6), can be related
to the circuit area A as ['= (/7 /5) (JJA) = (VA/3) [18-19].

It has been observed that the propagation delay increases when the resistance of
the interconnect routing is comparable to or larger than the resistance of the driver
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Fig. 8.5 The effect of barrier technology and the scattering factor P on the effective resistivity
of copper line. The data of the aluminum lines are also shown for comparison (Reprinted with
permission /EEE Trans. Electron. Dev. 2002, [16, 17])

and the use of repeaters (long deposited interconnections are broken into parts)
makes the time delay linear with length [20].

If we want to analyze the circuit of Fig. 8.6, we will find that the repeaters will
introduce an input impedance of Zr, which will give rise to a delay time (t) as:
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Fig. 8.6 The equivalent circuit of an interconnection route with minimum size (k) and n number
of repeaters. G means ground connection

n{(Zg + ((0.5 Rin)/m)} ((Cind) /1) + (ZR+ (Rine/m)CL} 8.1

where 7 is the number of repeaters and is equal to {(0.4 Rin¢ Cint) / 0.7 ROCO)}I/2 (to
achieve shortest time delay, the delay of the segments connected by the repeaters
should be equal to that of a repeater (assuming 50% delay)), Cy is the load capaci-
tance, and Ry and Cy are the output resistance and capacitance of the film, respec-
tively. The Rjy; (total interconnect-resistance) of Equation (8.1) can be written as :

P lint/ Wing Hint) (8.2)

and Cjy (the interconnection capacitance) of Equation (8.1) is

{L.5(Wint/tox) + 2.8(Hint/7ox)***2 4 [0.06(Wint/fox) 4 1.66(Hint/fox) 53
— 0.14(Hing/10x) "2 1(tox / Wsp) 34,

where Wiy is the width , /i the length, and Hjj, the height of interconnects. #x is
the oxide or any insulting layer thickness, and Wy, the width of separation between
two conducting lines (Fig. 8.7).

Fig. 8.7 Two interconnecting metal lines (1 and 2) laid on a substrate (S)
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8.1.3.2 Bit Line

The use of a repeater as described above is not applicable to bit lines because
repeaters are incompatible with memory operation. Therefore, Cu-bit lines are
formed for memory circuits. It has been observed that 20% delay in memory cir-
cuit and 12% in read and write are reduced when interconnecting lines are changed
from Al to Cu. Not only that, the long Cu-interconnect has been broken into shorter
pieces to reduce delay. In addition copper lines have been used in low-power oper-
ation [20].

8.1.3.3 Scaling and Design

Interconnecting lines, both local and global, are reduced by the same factor as the
devices, to reduce the gate delay by 1/s, where s is the ideal scaling factor [21].
Long interconnect not only increases IR drops, but it also increases the noise level
of the circuit. Scaling interconnections and insulator thickness by smaller than s, will
lower the values of Rjp; X Cjy by a factor of 52 (s x s) and the global interconnection
length Iy by sc, where s is the chip scaling factor. In quasi-ideal scaling of local
interconnections, the horizontal dimensions are scaled by 1/s to improve the overall
packing density by a factor of s. In order to maintain a small RC (time constant)
value, the vertical dimensions are reduced by (1/./s) and thus the delay is decreased
by (1/4/s). This actually degrades the packing density, as the pitch of the wire is
not reduced as much as the transistor dimensions. However, in constant dimension
scaling, cross-sectional interconnection dimensions are held constant.

In a transistor a straightforward approach called ideal scaling is applied, where
the dimensions (width, length, height, and the oxide thickness) of the device are
reduced in equal amounts. Under ideal scaling, the gate delay decreases by 30%
from one generation to the next, the transistor density doubles, and the dynamic
power per transistor decreases by 50% (assuming constant electric field scaling
where voltage scales down by 30%) [21]. In quasi-scaling of local interconnections,
the horizontal dimensions are scaled by 1/s to improve the overall power density by
a factor of s. Scaling of local interconnections is shown in Table 8.2 . The dimen-
sions of the lines used in Table 8.2 are shown in Fig. 8.7.

Table 8.3 presents the scaling for global interconnections. Ideal global intercon-
nections are always difficult to achieve, because their RC constitutes a negligible
portion of the total delay. As the chip size becomes bigger, the problem becomes
more severe. In constant-dimension scaling of global interconnections, all cross-
sectional dimensions are held constant, and the propagation delay rises by s> and
in constant delay scaling the total delay remains constant as a result of the increased
interconnection dimensions.

As RC delay is an important parameter in the recent sub-100 nm level devices,
innovative methodologies and architectures eventually account for signal delay at all
levels of the wiring hierarchy and at all stages of the design process. Thus the impor-
tant and inescapable challenge for future interconnection technology is to continue
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Table 8.2 Scaling of local interconnections

Parameters Ideal scaling Quasi-ideal scaling Constant-R scaling Generalized scaling

Thickness Hint 1/s 1/y/s 1/y/s 1/Su

Width (Win) 1/s 1/s 1/y/s 1/Sy

Separation (Wgp) /s 1/s 1/y/s 1/Ssp

Insulator thickness 1/s 1/y/s 11y/s 1/Sox
(fox)

Length (/joc) /s /s =l/s /s

Resistance (Rjy) N s 1 SwSH/S

Capacitance to 1/s 1/s32 ~1/s Sox/$ Sw
substrate

Capacitance 1/s 1/y/s =l1/s Sspls SH
between lines

RC delay (1) 1 1/y/s =1/s sw su/s?

Voltage drop (IR) 1 1/y/s /s Sy SH/s?

Current density (J) s VA 1 Sw Sy/s

*Reprinted with permission: Addison Wesley, Reading, MA (H.B. Bakoglu, Circuits, and
Interconnections and Packaging for VLSI). sw and sy are sacling factor for width and height.

Table 8.3 Scaling global interconnections

Parameters Ideal scaling Quasi-ideal scaling Constant scaling Generalized scaling
Thickness Hiy 1/s 1 Sec 1/sy

Width (Wipe) /s 1 Se 1/sy

Separation (Wip) 1/s 1 Se 1/8sp

Insulator thickness (fox) 1/s 1 Sec 1/Sox

Length (/ioc) Sc Sc Sc Sc

Resistance (Rint) s2 52 Sec 1/ s¢ swSH/ Sc
Capacitance to substrate s. Se Se =5

RC delay (7) s2 52 sc2 1 sw Su/s?

Reprinted with permission Addison Wesley, Reading, MA; sy, Sy, and s. denotes scaling factor
for width, height, chip size.

to articulate the routing hierarchy, with an ever-increasing disparity between the
minimum pitches of the first and last metal levels [22].

The scaling down of the dimensions when applied to three-dimensional
(isochronal delay surfaces) surfaces gives rise to a constant delay of 700 ps, which is
equivalent to a 10 cm line with a dielectric having K value ~3.5 in the time of flight
regime. As the lines get narrower, the location and the nature of the steps change
because of the increasing line attenuation. When the source resistance Rs >> Zp,
the isochronal Ry C charging curve shows a gradual fading nature due to multiple
reflections. The source resistance affects the line performance by voltage division
on signal launch and by its reflection coefficient. The length axis scale depends on
the dielectric constant K and delay time ¢, as (#//K), and the line attenuation is a
function of line resistance and its characteristic impedance. Experimental evidence
[23] shows that for Ry =10 €2 the minimum line widths for achieving time of flight
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performance are 5.3 and 1.9 wm with corresponding maximum line densities of 630
and 1750 per centimeter at 300 and 77 k, respectively. Experimental evidence also
shows that when the interconnecting lines of ETA-10 and NEC SX2 supercomput-
ers are changed from normal copper linings to superconducting linings there are no
improvements in the speed of the machines. However, when the same experiment
is conducted with fewer lines of superconducting lines [24-25], the interconnec-
tions yield higher signal amplitude (but give rise to undamped reflections and signal
ringing).

8.1.3.4 Manhattan Design

Today, sophisticated computing resources and innovative development efforts have
given rise to a fundamentally different approach to interconnect routing design. For
the past 25 years, designers have laid out the interconnect routing primarily based on
the Manhattan architecture. The Manhattan architecture is built on the basis of right
angle layout, which requires shorter interconnect routing. When the interconnect
routing consists of too many lines (e.g. in MPU) in multilevel interconnections metal
deposition following the Manhattan architecture fails. As a result, design engineers
had to come up with a different architecture for laying out the circuit, which is very
popular and is known as the X-architecture. Figure 8.8 shows two architectures,
namely the Manhatten and the X.

Fig. 8.8 Two architectures,
namely the Manhattan and X

Manhattan X Architecture

Metal 4

Metal 3 |
\. Macra IP
Metal 2
Memory
Metal 1

Std. cells

Hi=l-
| Bl NS

8.1.3.5 X-Architecture

It is true that the physical design procedure for a multilayer wiring with via holes
shortens the length of the routing, but not without any penalty. Thus in complex
multilayer design, the direction of the interconnections is rotated by 45° to reduce
the metal line lengths. This multilayer architecture is reported to reduce power
consumption within a circuit by 20%, and enhance chip performance by 10%.
Figure 8.9 shows an X-architecture applied to a chip with five metal layers. The
architecture is based on Simplex liquid routing technology.
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Fig. 8.9 X-architecture
based on Simplex’s liquid
routing (Courtesy of Dr. K.
Rygler, Rygler and
Associates, Austin, TX)

In the Manhattan configuration, chip performance increases along the area,
however, if the design is implemented using X, the result will be a chip that is
of equal area but higher performance, or of equal performance but smaller area.
Figure 8.10 shows a comparative analysis of the performances between the X ver-
sus Manhattan architecture.

It appears that the scalable X-architecture will be the mainstream design with a
minimum of economic pain with 20% less interconnect and 30% less vias. However,

X AREA/PERFORMANCE vs. MANHATTAN

V'S
uP
Maximize \ X
performance,
same area
8 Manhattan
£
<
@
Lo Consumer
Minimize area,
same
performance
Area ’

Fig. 8.10 Comparative analysis between X area performance versus Manhattan (Reprinted with
permission, Semiconductor International April 2005, p. 44, Courtesy, Cadence Design Systems)
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the main issue will be how to implement the architecture efficiently with CAD tools
and make it as effortless for design as it is for manufacturing.

8.1.3.6 Multilevel Design

Multilevel interconnections with wider and thicker lines at the upper levels are sug-
gested as one of the viable technologies. The scaled down first level metal is used
as local interconnections. The global interconnections with wider and thicker lines,
which yield shorter propagation delays, use upper level wiring in 3-D technology.
Here, the low interconnectivity theme is given priority, with single package unit
bonded with stacked die wire. However, packages with several interconnect lay-
ers that connect one or more embedded dies along the layer’s edge are also very
effective.

For some time interconnects through via tungsten (W) plugs between stacked
active layers have been gaining popularity in some of the European trade markets.
But the procedure is not very cost effective and ultra-thin-chip-stacking (UTCS)
with three complex field effect transistors (FET) has been designed as an alter-
native. The ASIC die size has three stacks each measuring 15 x 15 mm? with
~600 I/O and 100 pm pitch. It has an interlayer dielectric (ILD) 60-80 pwm thick
compatible with thermo-mechanical properties [26—-27] and is expected to be more
viable and cost effective particularly when a high I/0 count die with small pitches is
required [28].

Figure 8.11 shows a schematic of a transmission line distribution similar to a
multichip module interconnect structure. The arrangement has sufficient headroom
for chips to move into multi-GHz speed [29]. For ultra high density dynamic read
access memory (DRAM) (Fig. 8.12a) and the typical logic multilayer metallization

Fig. 8.11 Conception of a conventional mutilayer interconnection (Reprinted with permission,
Solid State Technol. Sept. 1998, p. 88)



8.1 Routing 359

Fig. 8.12 (a) Ultra High Density DRAM and (b) Typical Logic Multilayer Metallization Structure
(courtesy Wattkins-Johnson)

structure (Fig. 8.12b) with copper lines have been common practice in mod-
ern integrated circuits but not without penalties like noise, cross-talk, and related
phenomena.

8.1.4 Challenges with High Density Routing

8.1.4.1 Noise

As the feature size decreases, the circuit element density and the /0O counts increase.
As a result the self-inductance of the distributed lines from the power supply gen-
erates large amounts of chip current changes and introduces noise within the chip
[30]. Different methods have been used to minimize the noise such as a decoupling
capacitor, multiple power and ground pins and tailor driver turn on characteristics
[31]. Beside transient noise, one has to take into account the resonance effect at the
chip and board level. In high-speed systems, the distribution of signal and power
and the power supply-level fluctuations play an important role, especially in faster
CMOS, when the speed and I/O count become comparable to a bipolar transistor.

8.1.4.2 Cross-Talk

Deep sub-100 nm level feature size brings the power lines and the associated routing
closer which results in cross-talk due to mutual capacitance and inductance between
neighboring routes. The longer and closer the lines, the higher will be the cross-talk.
Cross-talk is a noise-related phenomenon, which is associated with power distri-
bution (inductive voltage fluctuations along the power lines). Noise generated by
off-chip drivers and on-chip circuitry is a major discipline in package and integrated



360 8 Routing and Reliability

circuit (IC) design for high-speed systems. The cross-talk between package and chip
interconnects can be modeled as coupled microstrip lines [32-33].

The number of modes of propagation through routing lines should have a differ-
ent characteristic impedance and phase velocity. Any perturbation traveling through
a coupled transmission line pair can be expressed as a superposition of even and
odd modes, if the lines are symmetric [34]. As the number of metal interconnects
increases inside a Chip, the spacing between metal lines decreases to accommodate
more lines per unit area. Thus the substrate carrying the package with a close-spaced
conductor will be a source of cross-talk [35] and will interfere with the integrated
circuit’s performance.

Recently, to minimize cross-talk, a meshed power system has been developed
which consists of metal layers running parallel to each other along the X and Y
directions. Via holes connecting ground layers are placed at each crossing point
(Fig. 8.13). Using the power/ground mesh as a starting point, the power and the
ground conductors are narrowed down in numbers. The design will shield each sig-
nal trace on all sides by power and ground traces. Thus it is expected that the signal
traces routed through the mesh will have less cross-talk. Figure 8.14 shows the spec-
tra of power distributed noise from an interconnected mesh power (IMPS) system.
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Fig. 8.14 Power distribution noise between strip line and IMPS topologies (Photo courtesy,
University of Arkansas, (Fayetteville) and from Kyocera corporation (Kyoto, Japan)
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8.1.5 Cascaded Driver

Just as repeaters are suitable for RC loads, cascaded drivers on the other hand are
suitable for capacitive load, where, instead of a single minimum size driver, a chain
of drivers is be used [36—39]. The method optimizes the delay of the interconnecting
lines by charging the input capacitance of the cascaded drivers. Cascade drivers are
preferred to repeaters when the global interconnection length (/) is short. It has
been reported that optimal size repeaters with cascaded first stage obtain the shortest
delay under all conditions.

8.1.6 Transmission Line Coupling

As the circuit density increases, interconnecting lines are laid very close to each
other to minimize the space [40]. Two such interconnecting wires can support two
modes of propagation with separate impedances and propagation speeds. If the lines
are symmetric, the two modes are even and odd. In the even mode, both lines
are positive, with respect to ground, while in other mode both lines are negative
with respect to ground. Any signal traveling in the coupled transmission line sys-
tem can be expressed as a superimposition of even and odd modes. The even mode
impedance can be calculated but the odd mode impedance is harder to conceptualize.
The even and odd mode parameters are related to line capacitance and inductance
[41].

The total area occupied by transmission wires on a chip is dependent on the
number of transistors. Rent’s rule specifies that the number of wires that crosses the
boundary of a block can be related to the number of transistors or nodes within the
block, and the number of wires, connecting each transistor to other transistor within
the block. It has been found that a memory chip requires fewer interconnection
levels than a logic chip of roughly the same size [42].

The propagation velocity v through the transmission line will be affected due to
the increase in the circuit density, which can be modeled mathematically as: (v/c)
= ((1/ ( & €)'?) = ((1/ (LO)?) , where v is the propagation velocity through
the transmission line, ¢ the propagation velocity of the electromagnetic wave, L the
inductance, C the capacitance per unit lengths, and €; and ¢, the relative permeabil-
ity and permittivity. It has been found that the low characteristic impedance in the
transmission line requires a greater current drive capability from the clock driver to
achieve transmission line speed.

8.1.7 Clocking of High-Speed System

In slow VLSI circuits the clock frequency is relatively low and minimum width lines
are employed for clock distribution. Under these conditions clock skew is dominated
by the difference in the RC time constants of the interconnections. Thus no matter
how strong the clock driver is made, high clock frequencies will not be possible if
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the line has a large RC time constant. The time constant RC per unit length can only
be determined by the interconnection and insulator thickness. At the same time it
is not possible to improve the RC delay with wider interconnections by neglecting
fringing fields. In other words, to enhance the RC performance the vertical dimen-
sions of the interconnects are to be adjusted [43—45].

8.2 Reliability

8.2.1 Introduction

The reliability of Cu-interconnects poses a serious concern, especially as the feature
size shrinks to 90 nm and smaller. As a matter of fact, beyond 0.18 wm feature size,
interconnect delay contributes more to the overall device delay than the gate delay,
forcing the industry to move from the well-known sputter-deposited and plasma
etched Al-alloys to the new Cu-damascene procedure accompanied by chemical
mechanical planarization/polishing (CMP).

Interconnections are now and will continue to be critical limitations to improv-
ing the performance and costs of integrated circuits as technology is moving towards
smaller (sub-100 nm) feature size. However, there is no doubt that the fundamen-
tal change from aluminum (Al) to copper (Cu) as interconnecting material has
increased the circuit speed and performance.

Figure 8.15 shows the superior behavior of a Cu-low-K system over a Al-SiO;
system in global interconnecting lines. Copper-low-K has the advantage over
Al-SiO, when the feature size is within 75 nm. However, beyond 75 nm feature
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1, lyears)

Cu damascene Al + Cu with barrier Al + Cu with barrier,
W plugs

Fig. 8.16 The superior electromigration nature of copper (Reprinted with permission Semicon-
ductor International April 2000, p. 98)

size the bulk properties of Cu change and there are some reliability issues that con-
cern the use of copper (Cu) beyond 75 nm node technology.

Figure 8.16 shows the superior electromigartion resistance property of copper
deposited by electroplated, and sputtered damascene etched copper, and doped
etched copper with that of aluminum alloys with or without tungsten plug. In all
cases the data are converted to conditions of temperature and current density of
125°C and 5 x 10® A/cm?, respectively, using Black’s equation [46] where the
median time to failure is 75(.

Both the speed and the packing density of the chip steadily increase with greater
integration of functionality. Downward scaling of physical feature size can perform
this by a scale factor s, increasing the number of wiring levels and enlarging the
chip size by a scale factor St. The smaller metal cross-sections and reduced wire
spacing increased the R and C of the interconnect structures dramatically. In the
sub-100 nm level, the interconnect crises (RC delay, scattering, surface wetting,
stress, electromigration, etc.) are severe [47].

As the size and the internal structure changes, the resistivity (p) of a metal line no
longer depends upon the size but is also affected by the surface and interface scatter-
ing, sidewall scattering (for Cu-damascene process) and grain boundary scattering
(Fig. 8.17). As a matter of fact, grain boundary scattering is the second contribution
to size effects [48].

Figure 8.18 shows the de-wetting problem with Cu-film upon annealing, when
the feature size is comparable to the mean free path (~40 nm) of the electrons [49].

With smaller feature size (~100 nm), the metal pitch (width and spacing)
decreases, and ultimately affects circuit performance. In order to maintain the same
RC effects with an aluminum metal system, and with 100 nm design rules, one has to
increase the number of metal level () [50], which will affect the cost of the circuit.
In order to cope with number of levels of metallization, and to keep the metal pitch
tight, one has to reduce R and C through the use of new materials. From Fig. 8.19,
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Bulk: A <<d,L, W, H
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Thin film (same d) : A <<d, L, W
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Thin film (smaller d): A << L, W
p =p, + plinterfaces)+ p(GBs)

Nanowire: L << L
single GB can dominate p

Fig. 8.17 The effect of down-sizing of the feature size and the importance of internal structure
(Reprinted with permission, Drs. K.A. Dun and A.E. Kaloyeros, TRC Oct. 25-27, 2004)
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Fig. 8.18 The de-wetting problem of Cu-film when the feature size is very small (Reprinted with
permission, Drs. K.A. Dun and A.E. Kaloyeros, TRC Oct. 25-27, 2004)

Fig. 8.19 Influence of
materials on the number of
required interconnect levels
(Reprinted with permission
from IEEE, IEDM Proc.
1995)
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it is clear that replacing Al lines by Cu lines and dielectric (K) SiO; by low-K mate-
rial one can reduce the number of metal layers and thereby reduce the cross-talk and
RC delay [51-55].

8.2.2 Reliability Issues Related to Cu-Interconnects

Reliability is defined as the ability of a device or a material to conform to its elec-
trical, mechanical, and visual specifications over a specified period of time under
special conditions at a specified confidence level. Breakthrough in integrated circuit
(IC) technology for smaller, and faster devices, and periodic improvements in circuit
density and performance following scaling, has made aluminum (Al) interconnects
obsolete, because it has reached the technological and physical limits. Copper (Cu)
is becoming the metallization of choice for high performance integrated circuits
(ICs), which offers 30% reduction in resistivity over Al, and more resistance to elec-
tromigration (EM). It is expected that Cu based chips are enabled to offer thinner
and narrower interconnects without compromising yield and circuit performance.

At the same time, the replacement of silicon dioxide (SiOz) by low-K mate-
rial has further improved circuit speed and performance of a microprocessor. But
in reality, as the feature size has scale down to 75 nm and below, replacement of
Cu as interconnect has raised several questions related to reliability like oxidation,
adhesion, surface and interface scattering, Joule heating, stress, electromigration,
diffusion, and void formation.

8.2.2.1 Deposition Process Related Issues

Copper (Cu) is deposited by an electrochemical method over a thin layer of Cu
(seed layer) serving as nucleation center. ECD-Cu is metallurgically a metastable
film, which crystallizes even at room temperature [56] due to self-annealing and
involves grain growth (from 0.1 to 1 pwm) and change in textural behavior. It has
been observed that when the initial grain sizes are small, there is substantial stress
development within the film, which causes nucleation sites for stress voiding [57].

The crystallites of the Cu-film are observed to have a preferential growth along
the <111> direction [58] with a drop in sheet resistivity about 30% after 180 h
[59-60] which has also been noticed when a small amount of metallic impurity is
added.

In order to maintain an effective resistivity of the copper interconnects well within
2.0 2-cm, thinner and conformal barrier and seed layers are needed. Considering
the limitations of conventional PVD or ionized PVD, alternatives such as CVD,
electroless deposition, and electochemical deposition (ECD) of barrier layers are
considered [61-63]. On the other hand, a thin seed layer will increase film resis-
tivity, which will ultimately change different process parameters during growth of
the EP-Cu film. For example, a non-uniform current distribution from the edge to
the center of the substrate (seed layer) causes non-uniform deposition and potential
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distribution in the electrolyte, i-E behavior at the metal-electrolyte interface, charge
and mass transfer in the electrolyte and over all dynamics of the profile evolu-
tion [64].

The surface topography control inside a high aspect ratio via hole by the electro-
plating process is a key issue, since additives are required to ensure proper filling.
But the EP-Cu filling often results in so-called super-filling, where the thickness of
the overburden Cu is higher on the higher density patterned areas. Besides proper
filling, grain growth and voids inside via holes and trenches continue to remain an
issue due to aging of the electroplating bath and changes in the concentration of
the additives. According to some observers, true bamboo structures in Cu are dif-
ficult to achieve by conventional deposition processes even after annealing of very
narrow lines [65-66]. Experimental observations show that lines with bamboo struc-
ture, where the grains span the full width of the line, have increased EM lifetimes
because of reduction of the fast atomic diffusion path [66].

8.2.2.2 Seed-Layer Related Reliability Issues

The resistivity of the Cu-seed layer will be influenced by electron scattering via the
interface/surface layer as it approaches the electron mean free path (~40 nm). The
electroplated copper film shows <111> growth on a PVD grown <111> textured
seed layer. But deviation of the <111> orientation of the grains is noticed, when Cu
is doped with tin (Sn) to improve EM resistance [67—69]. Moreover, addition of Sn
shows reduced bond strength between the interface of the Cu and Ta-based barrier
layer [70-71]. Figure 8.20 show the electrical resistivity of copper and copper doped
alloys.
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Fig. 8.20 Electrical resistivity of copper and copper doped alloys (Reproduced with permission
Honeywell Electronic materials, V-EMT 1:16 (12 July, 2004)

The texture of an EP-Cu film on a vacuum-deposited Cu-seed layer is very differ-
ent from a vacuum deposited Al-film. The grain structure in Al films is columnar and
is identical to each other, whereas in Cu films grains can vary from bamboo-structure
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to polygranular clusters [72]. According to some observers, random seed structure
on the trench wall is favorable to the formation of bamboo structure. The grain
boundary (GB) planes in bamboo microstructures are normal to the direction of
current flow and EM occurs via relatively slower surface diffusion, resulting in
increased EM lifetime [73]. Bamboo structure can also be introduced in EP-Cu film
by laser annealing.

Figure 8.21 shows the resistivity of copper film deposited by different methods.
ALD deposited films are claimed to produce more conformal and void free thin
films inside high aspect ratio (AR) via holes than CVD or PVD grown films. How-
ever, the complexity of controlling the ALD process due to a variable incubation
time in the reactor can lead to fluctuations in film thickness. Both CVD and ALD
are low-temperature processes that use precursors, and the selection of precursors
is very critical. The PVD system, on the other hand, generally requires higher tem-
perature or energetic ions for film deposition that might be detrimental to device
fabrication.
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Fig. 8.21 Resistivity versus film thickness of copper film deposited by (a) ALD (Reprinted with
permission, Mat. Res. Soc.) and (b) by different methods (Ref. Meindl et al., Proc. IEEE, March
2001, reproduced with permission)

8.2.2.3 Oxidation Related Problems

Aluminum (Al) and copper (Cu) behave differently in the presence of oxygen. Al
forms a protective layer, which prevents further oxidation of the metal, whereas
oxide on Cu is a form of corrosion. It decreases the cross-sectional area and
increases the total resistance of the metal line. However, deposition of a thin layer
of Al over Cu contact pads has been used as a strategy to protect Cu-pads from
oxidation [74-75].

During chemical mechanical polishing (CMP), the porous low-K dielectric mate-
rials can retain moisture and can corrode the metal (Cu). The acceleration factor
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(AF), for corrosion in Cu due to chemical or electrolytic reactions in the presence of
moisture, and bias (V), can be modeled as:

Ar = (V)[Rittest/Rituse)” exp (0.9/k)(1/ Tyge1/Tees)]s (8.4)

where Ry (est and Ry yse are the relative humidity during test use and during use, 7yse
and Teg are the temperatures during use and test, respectively, and & is Boltzmann’s
constant. However, several procedures including deposition of a cap layer to seal the
pores of the porous low-K materials may effectively solve the reliability problem.

8.2.2.4 Adhesion Problem

Adhesion is known to be one of the most important factors in microelectronics
interconnects because device failures are often associated with stress and electro-
migration (EM) that are enhanced at poorly bonded interfaces. Therefore, there is
no doubt that an understanding of the adhesion strength at a Cu/barrier interface and
Cu-layer at different metal levels is necessary to develop a robust chemical mechan-
ical polishing (CMP) process to avoid peeling and delamination. In the copper (Cu)
damascene process (CDP) Cu-lines are encapsulated on the sides and bottom by
barrier layer and on top by a barrier/etch stop layer. The process is completely dif-
ferent from conventional aluminum (Al) metallization. As a result, lack of adhesion
between the Cu-dielectric interface is susceptible to Cu-diffusion at the top surface.
The strongest adhesion strength between copper and the underlying dielectric layer
is seen to exist when the seed layer is 500 A thick and sitting on a tantalum (Ta)
barrier. However, the bond between the seed layer and Ta is seen to deteriorate if the
seed layer suffers from stress. Various surface treatments prior to dielectric depo-
sition provide some near-term relief but no permanent solution. However, a cobalt
tungsten phosphide (CoWP) cap with typical thickness between 100 and 150 nm
has been shown to promote adhesion [76].

The adhesion property of Cu-lines has been estimated on the basis of the lattice
misfit concept. It has been argued on the basis of the experimental results that hcp
elements, especially ruthenium (Ru), as substrate material promotes the adhesion of
fcc copper, better than becc elements serving as substrate. According to one group
of researchers, using a PVD capping layer of a refractory metal can minimize poor
adhesion between the ALD TaN barrier and the PVD Cu. However, a composed
layer of ALD TaN followed by ALD TiN has been found to eliminate Cu agglom-
eration and has promoted the adhesion property of copper.

Figure 8.22 shows the adhesion energy versus EM activation energy of differ-
ent materials that are considered as potential candidates for the cap layer. From
the graph it is clear that CoWP cap material supersedes both SiC and nitrogeneted
Si/SiC materials. However, experimental evidence shows that an isotropically grown
monolayer of CoWP cap layer increases the line to line leakage which has been
interpreted due to the thickness dependent stress migration. So it is argued that
low stress dielectric stacks will enhance adhesion strength and interfacial bonding
between Cu-dielectric layers.
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Fig. 8.22 The superior
adhesion energy of CoWP
compared to the other cap
layers (Reprinted with
permission IBM Research)

8.2.2.5 Scattering Related Reliability Issues

Scattering from a Cu-line is becoming a reliability issue as the dimensions of the
lines are reduced. Indeed, as the lateral dimension of Cu-lines goes beyond 60 nm,
the resistivity of copper changes drastically (roughly a factor of 2 higher than bulk
resistivity value), due to scattering from the sidewall and grain boundary [77]. As a
matter of fact, grain boundary scattering will make a significant change to the resis-
tivity if the grain size of the Cu-lines is comparable to or smaller than the electron
mean free path (~40 nm). As-deposited copper has a grain size of 10 nm which
shows 20% higher resistivity than bulk copper. However, after post-anneal the grain
size increases and the grain boundary scattering is reduced. But the grains within
the trench do not grow with temperature due to the constraint of the sidewall. Thus
the effective resistance of the Cu-line inside the trench will be different from the
Cu-line on the blanket.

The other form of scattering that has been observed with small Cu-lines is inter-
face scattering. In the presence of a diffusive reflection boundary, energy dissipation
caused by scattering from a surface is characterized by a parameter p. On the basis
of the free electron model the p value for surface scattering of conduction electrons
is deduced from the diameter dependent resistivity. The value of p can vary from
0.18 to 0.66 depending on the surface condition of the film. As a result, surface
scattering will contribute to the resistance as:

[p/polll + {k(1—p)r}/t] (8.5

where p is the resistivity of the film, pg the resistivity of the bulk material, k a con-
stant, / the length, p the specularity parameter, and ¢ is the thickness of the film. Thus
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we can see that the value of p appear to arise from differences in microscopically
observed conditions. As a result, when the feature size of the Cu-lines reaches 45 nm
and beyond the size effect becomes dominant because of electron—phonon scatter-
ing and presents a challenge for continuous device scaling. As a matter of fact, at
high frequencies the mean free path X\ and the Fermi velocity of the charge carriers
in traveling distances between two scattering events on grain boundaries appear as
the main factors effecting the resistance of nano-lines of copper.

8.2.2.6 Joule Heating and Reliability Issues

Joule heating has become more of a reliability issue on the scaled VLSI Cu-
interconnect. Indeed Joule heating can strongly affect the maximum operating tem-
perature of the global wires which in turn will constrain the scaling of current
density to mitigate electromigration and consequently degrade the expected speed
improvement from the use of low-K dielectric materials. Experimental evidence
shows that a temperature rise in the Cu-interconnect with low-K is significant due to
poor thermal conductivity of the low-K material. The observation further shows that
Joule heating can delay the interconnect by as much as 15%. However, in terms of
heat dissipation when a self-supporting Cu-line is considered and compared with an
Al-line of the same dimension, the former is seen to dissipate more heat. To testify
to this we present here a mathematical model. Let us consider that heat is being dis-
sipated in integrated circuits (ICs) due to current in the metal interconnects and other
resistive elements. The temperature rise AT within a self-supporting interconnecting
line 100 wm long, and 1 x 1 wm in dimension carrying current 10~ A/cm? for one
second can be calculated as:
For Al-interconnect

AT = (AQ)/M C, ~ 100°C (8.6)
For Cu-interconnect
AT = (Q)/M C, ~ 48°C 8.7)

where (AQ) is the heat supplied and is equal to {(12R x 1) J}, M is the mass, and
Cy is the specific heat of the metal line.

Table 8.4 shows the thermal and electrical properties of Al and Cu metals. From
the above calculations we can see that the temperature rise in a self-supporting Cu-
line is almost half compared to an Al-line. However, when the dimension of the
conducting line is reduced to sub-100 nm the value of AT can go to several hundreds
of degrees. The thermal energy Fry transmitted across unit area per unit time is
proportional to the temperature gradient (d7/dx) and can be written as:

Frh = —Ktp (dT/dx) W /cm? (8.8)



8.2 Reliability 371

Table 8.4 Thermal and electrical properties of aluminum and copper

Materials Kth (W/em.K) Cp J/g.K) Resistivity (p) p€2.cm Density (g/cm3)
Aluminum 2.37 0.9 2.65 2.7
Copper 4.01 0.39 1.68 8.93

where KTy, is the thermal conductivity of the material. From the above equation if
we calculate the value of Fy for Cu and Al, we will see that the substrate carrying
Cu-lines will have to handle approximately 20% less thermal energy than when it
carries Al-lines.

8.2.2.7 Stress in Cu-Line and Its Effects on Reliability Issues

Stress migration or stress voiding has always been one of the most important relia-
bility concerns in both Al-based and Cu-based interconnects. The blocking bound-
aries and the vacancy concentration in interconnecting lines introduce a stress gradi-
ent due to flow of excessive current. The stress gradient is seen to increase with time
until the associated driving force becomes equal and opposite to the electromigration
(EM) force [78-79]. Since Cu has larger grain boundary activation energy, which
results in a lower mobility, Cu is expected to be more resistant to stress induced
voiding (SIV) than Al under the same level of stress. However, Cu does not have a
natural oxide protection like Al and its SIV can be process (EP-Cu, PVD-Cu-seed,
and barrier layer, and CVD/SOD low-K, etc.) and structure dependent (damascene
architecture where Cu is confined). For example when a nitride capping layer is
replaced by tungsten (W) or CoWP, the line width dependency of SIV is seen to
reduce, which indicates that the interface is really a fast diffusion path and the SIV
of Cu-lines is process dependent.

On the other hand, the relative vacancy concentration of atoms is related to the
hydrostatic stress (o), activation volume (£2), and the resistivity (p) of the material
[80-82]. Experimental observation shows that the stress gradient represents a com-
ponent of the chemical potential and the mass flux can be considered not only due to
EM, but also as a joint effect of EM and stress. Finite element calculations based on
Hull and Rimmer theory shows that void growth due to stress distribution confines
around a via sandwiched between upper and lower lines. The void source results
from the supersaturated vacancies that developed when Cu-lines are not properly
annealed.

Sputter deposited thin films are generally found to be under stressed condition.
The stress arising from the substrate attachment is composed of intrinsic stress ojy,
the thermal stress oy, and the transformation stress o.. The first one arises from the
deposition process, and the lattice mismatch between the film and the substrate. The
second one originates from the difference between the coefficients of thermal expan-
sions (CTEs) of the deposited film and the substrate. The transformation stress, how-
ever, refers to the induced stress change due to the phase transformation of the film
during the deposition process.
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The Cu/interlevel diffusion barrier interface is thought to provide a site void
nucleation at relatively low tensile stress [83—84]. The low tensile stress forms voids
in Cu-interconnects. There is another stress noticed in the damascene structure,
which is known as substrate induced stress [85].

The stress induced EM in Cu-low-K interconnects is a serious reliability issue
because low-K dielectrics (with a value ~2) are generally mechanically weak [86].
Indeed, the development of stress within interconnects will depend upon the archi-
tecture of the connecting wires together with the different components connected to
the lines. Therefore, as a result of the induced stress, stress related de-lamination
(lack of adhesion) is a frequent phenomenon with silicon nitride (SizN4) when Cu-
lines are laid on it.

8.2.2.8 Thermal Stress and Related Phenomena

Thermo-mechanical reliability has been a critical issue for both packaging and wafer
level structures. Thermal deformation and thermal stress are directly related to the
packaging and wafer reliability. Simulation results show that large residual stress
can be induced from wafer processing which can significantly affect the wafer level
structure’s reliability. Moiré results show that thermal deformations of these pack-
ages are quite different from each other, leading to different reliability problems in
these packages.

Experimental results show that thermal stress for Cu-lines depends on the bar-
rier layer thickness. On the other hand, thermal stress in Cu-lines increases with
a decrease of the aspect ratio of the Cu-lines. The diffusion barrier (Ta/TaN) has
lower CTE and higher Young’s modulus than Cu. During thermal cycling the diffu-
sion barrier impedes the shrinkage of Cu-lines and induced tensile stress. However,
the stress in the side line of the barrier is compressive and decreases with increasing
barrier thickness.

The Cu-seed layer deposited over the barrier layer has different thermal coeffi-
cient of expansion (TCE). During thermal cycling expansion and contraction in the
Cu-seed layer (which is a part of the copper interconnecting lines) and the barrier
layer will be different. As a result the interconnecting Cu-lines will be left under
tensile stress. Experimental observations show that this tensile stress is maximum,
at the top of the trench (Fig. 8.23). Experimental observations further show that this
tensile stress in the interstitial dielectric layer is largely hydrostatic [87-88].

Experimental observation shows further that the thermal stress has a profound
effect on the Blech length (IBlech). As a result, at high thermal stress, the Blech
product (J X Igjech, Where J is the current density) may vanish (which is known as
stress voiding) causing device failure (even without any flow of current through the
circuit).

Thermal cycling induces plastic deformation [89], which produces creep and
interfacial sliding in thin Cu-film, and all of these have a profound effect on the
reliability of Cu-lines forming interconnects. Due to thermal cycling the Al-film
expands whereas the Cu-film shrinks, and thus the Cu-film will require a different
film footprint on the substrate [90]. Thermal cycling related volume contraction in
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Fig. 8.23 Development of
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Cu-film results in intergranular void formation and it has become an additional reli-
ability problem in the space program. Figure 8.24 shows that the thermal stress-state
in Al-lines over a passivated layer (TEOS decomposed SiO5) is very different from
Cu-lines with Silk (low-K).
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Fig. 8.24 Thermal stress: (a) Al-interconnect and (b) Cu-damascene interconnect (Reprinted with
permission, Dr. P.S. Ho, The University of Texas, Austin)

8.2.2.9 Blech Effect and Its Consequences

In sub-micrometer level devices, Cu-interconnecting lines are subjected to electro-
migration (EM) induced extrusion failures due to the Blech effect. The extrusions
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and possibly corrosion can cause intra-line leakage breakdown. It has been theorized
and experimentally proven that there is a critical lower limit of length of an intercon-
necting line known as the Blech length, and beyond that length Cu-interconnecting
lines experience EM failure very often. It has been further observed that the poor
adhesion between etch stop and Cu significantly reduces the critical stress for void
nucleation. On the other hand, the use of low-K materials in Cu-interconnects has
brought about an order of magnitude reduction in the modulus of the surrounding
dielectric.

We know that the key to achieving immortality without voiding is a high critical
stress for void nucleation and mechanically rigid surroundings to create a large back
stress. Thus, in order to achieve immortality with voiding, it is essential to have an
effective current shunt which is absent in Cu-dual-damascene interconnects.

8.2.2.10 Reliability Problems Due to Electromigration (EM)

Reliability is as much a key to success in the microelectronics industry as is per-
formance. With the complexity of today’s microelectronics, a phenomenal level of
reliability must be maintained. As device features reduce in ultra-large-scale inte-
grated circuits, current densities increase with the metallization layer complexity.
The increased current density increases the temperature of the metal layers. As
a result, the electromigration (EM), which is a thermally activated diffusion phe-
nomenon, is very much affected by the increased current density.

Thermodynamic properties of copper films are very different from those of alu-
minum films, which are mechanically insensitive to artificial passivation. Passivated
Cu films show distinct strain hardening due to its low stacking fault energy and
highly twinned microstructure [91-94]. However, a cleaned Cu surface does not
form a passivated oxide like Al. As a result, EM related phenomena are more promi-
nent in Al (or its alloy) films. It has been observed that in polycrystalline Al lines,
grain boundaries provide the highest diffusive paths for electromigration, but in
Cu-metallization, the Cu/liner or Cu/interlevel diffusion barrier (usually Cu/SizNy)
interfaces provide even higher paths of diffusion than grain boundaries [95-99].
However, according to some observers, surface migration is the fastest diffusive
pathway, compared to grain boundary (GB) and interface diffusions [100-102].
Whatever the true nature of the fastest pathway for EM in deep submicron level
devices, microtextural effects might still be present and can alter the finest detail of
EM failure [103-105].

Figure 8.25 shows the activation energies of different bulk metals and alloys ver-
sus line-width. For the damascene process the activation energy in Cu-interconnect
is much higher than Al-alloy based interconnect which yields longer lifetimes in
Cu-lines when extrapolating high temperature accelerated-life test data.

Figure 8.26 illustrates the differences in EM behavior of Cu-interconnects hav-
ing different dimensions and with and without barrier layers. The EM failures
consistently follow well-behaved long-normal distributions and demonstrate the
extendibility of the barrier process for current and future generations of Cu-low-K
interconnects. From the above figure it is also clear that with a re-sputtered barrier,
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the film becomes monomodal with low log-normal sigma (o) between 2.7 and 3.6.
Re-sputtering the barrier at the via bottom not only creates a continuous path for
copper diffusion, but also enhances the sidewall coverage through deposition of the
re-sputtered barrier, thereby eliminating early modes of failure at the via/metal link
interface [106-112].

8.2.2.11 Void Formation and Reliability Issues

The tendency of Cu to contract in volume and form inter-granular voids is an addi-
tional reliability concern with respect to Cu-interconnects that was not a major issue
in better established Al-interconnect technology. Thermal cycle induced void forma-
tion would affect interconnect reliability and could accelerate EM by an early void
nucleation time. Early onset of void formation would further degrade with EM,
causing larger voids and open circuits.

Different microstructures of Cu-film result in different kinetics of void evolution.
The wide dispersion of activation energy of EM (from 0.5 to 1.25 eV) can be related
to that. For small grains having large curvature, surface diffusion leads to healing of
the damage at the GBs and to thinning of the grains, whereas, for large grains with
small curvature, it can redistribute material between the GBs and grooving results
in voids. Tantalum (Ta) covered Cu films show no surface morphological changes,
and voids started only at sidewalls of the line.

Like the Al-interconnect, a short segment of Cu-line forming an interconnect
forms voids due to its failure to reach the back-stress which prevents the growth
of voids. However, unlike Al-based interconnect, there is no apparent deterministic
current density length product (jL) for Cu-lines which will determine the mortality
rate [113].

Experimental observations show that voids (Fig. 8.27) preferentially nucleate at
the Cu/Si3Ny surface near the cathode end of the Cu-line, since SizN4 does not
provide a conducting path to shunt [114]. In fact voids are seen to be prominent
when the interconnect length is short and the current density is high.

(a) M1 Structure Void (b) M2 Structure Void

Fig. 8.27 The effect of interconnect line segments of different lengths and their consequences:
(a) cross-section of FIB image of a small fatal void directly below a via; (b) formation of a non-
fatal void at the Cu/Si3Ny top interface (Reprinted with permission, Materials Research Society)
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From Fig. 8.27 one can see the impact of void formation when Cu-line segments
have different lengths and the current density is high. It is true that the formation of
voids requires nucleation and time. However, in the case of Cu-interconnect it is the
growth not the nucleation that will take most of the time to fail the device [115].

8.2.2.12 Diffusion Related Problems

Cu-diffusion in silicon is very rapid (diffusivity ~4.7 x 10% x exp (-0.43 eV/kT)
cmz./s), even at room temperature. Cu is a noble metal and, as such, readily dif-
fuses through dielectrics. In order to obviate the problem, a liner or a barrier layer
is fabricated to prevent Cu-diffusion. Diffusion of copper inside silicon is noticed
by the precipitation of Cu in the formation of Cu-silicide (Cu3Si) (Fig. 8.28). The
process of Cu-precipitation is further complicated by the electrostatic interactions
between the positively charged interstitial Cu-ions and charged Cu-precipitates or
dislocations [116].

Fig. 8.28 The precipitation
of Cu inside silicon and the
formation of Cu-silicide
(Cu3Si) (Reproduced with
permission, Elsevier Science,
New York)

8.2.2.13 Reliability of the Barrier Layer

The use of Cu-interconnect, damascene architecture, low and high-K materials, and
chemical mechanical process (CMP) for planarization has brought much hope and
enthusiasm in integrated circuit fabrication. However, the use of new exotic materi-
als, and the additional layers, has also become a reliability issue in terms of yield,
and lifetime of the devices. For example, the barrier layer to minimize Cu-diffusion
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is an additional step required with Cu-interconnect, which was not necessary for Al-
interconnect. The barrier layer controls the equivalent resistance, and adhesion of
Cu-interconnects modifies the grain’s microstructure during deposition, and finally
controls the interface growth. Thus from the reliability standpoint deposition of a
perfect barrier layer is very important. Figure 8.29 shows the patterned structure of
the barrier layer serving as a substrate for the Cu-interconnect

Fig. 8.29 The patterned
structure of the barrier layer
serving as substrate for the
Cu-interconnect

Metal cap layer
(CoWP)

Barrier metal (Ta, etc.)

Typical dielectric materials used in integrated circuits are not suitable as a barrier
layer when Cu forms the interconnecting lines. At the same time, adhesion of copper
to these materials is poor. The barrier layer should serve at least three purposes: (a)
Cu-lines should adhere well to the barrier layer, (b) it should effectively encapsulate
copper at high processing temperatures, and (c) the electrical resistivity of the barrier
layer should be low [117, 118].

Experimental evidence shows that the microstructure of the deposited copper
film will depend on the texture, and grain size of the substrate (barrier layer)
[119]. Different methods are available to deposit the barrier layer and each method
can produce film with different microstructures (especially Ta and its compounds)
[120-121], which can change the composition, texture, grain size, and ultimately
the electrical resistance, diffusion properties, interfacial adhesion, and film stress.

The most successful barrier layer that has worked well so far for Cu is a bi-
layer stack of Ta/TaN. Ta has better adhesion, and seed properties and less stress
induced voids due to its heteroepitaxial relationship with copper. TaN, on the other
hand, has demonstrated excellent adhesion to SiO;-based interlayer dielectric mate-
rials (ILDs). Being amorphous in nature it suppress the EM along GBs. Ta in
B-phase has resistivity between 150 and 200 2. cm and PVD TaN film shows
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resistivity between 200 and 250 n€2. cm. However CVD, and ALD deposited films
show higher resistivities (500—1000 €2. Cm) compared to PVD films.

Different barrier materials show different annealing temperatures to form crys-
tallites. The crystalline structure of a film will have different grain sizes and grain
boundaries, which will form diffusion paths for the Cu-atoms. So, the reliability of
the barrier layer is a function of temperature, microstructure of the layer, and the
processing instruments and conditions. Barrier films are evaluated in terms of their
ability to block copper diffusion at temperatures in the range 700-800 °C.

The barrier layer should be very thin (between 15 and 50 A) and should provide
adequate protection against Cu-diffusion into the dielectric layer. It has been found
that when the film thickness is in between 200 and 400 A, it works well at the 0.1 wm
node level. But as the metal becomes thinner, filling the via holes and trenches at
0.1 pm level with barrier metal is a challenge especially when conformal and void
free film is the primary objective. Moreover, the thinner barrier blanket will show
higher electrical resistivity compared to a thicker blanket.

The barrier layer is generally selected from refractory metals and their com-
pounds and can support current even after small void formation. Therefore, fail-
ure is not observed immediately after the formation of small isolated voids, until
the current density reaches a maximum level where they can fuse. Moreover, since
these barrier layers are composed of very low diffusing materials, EM will be very
slow and the chance of open circuit will be minimum. EM may cause open circuit,
discontinuity in current flow within the circuit, and increased electrical resistance of
the route. Therefore, the failure times are not solely determined by void nucleation,
but by combination of nucleation and growth [122].

8.2.2.14 Presence of Via Holes and Trenches and Reliability Related Problems

Via holes are used in multilayer circuits to reduce the interconnecting line length.
The via holes are usually very small (~25 nm or less) and are metallized to make
ohmic contacts between the upper and lower levels of the metal layers. To deposit
metal layers within small via holes without voids is a real challenge, because of
constraints in processing [123—124] (like shadowing) and poor adhesion of the metal
on the walls of the via holes. Moreover, the finer dimensions and the higher current
densities together with current crowding make these via holes much more vulnerable
and raise some questions about their reliability.

Test structures designed with variations in reservoir area, the reservoir layout,
and number of vias show that the current density through the different layouts is
different. As a result, the lifetime of the EM will be different. As the current density
increases, metal migration follows voids (due to tensile stress) at the vias closest
to the line [126-127]. So, via layout should be designed to avoid current crowding
(Fig. 8.30)[127]. The distances between via holes and their positions on the circuit
can vary according to the requirements of the circuit layout. It has been observed
that the via-above node has a much smaller mortality rate [128].
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Fig. 8.30 The weak points
and current crowding in the
via hole

Weak point and
current crowding

8.2.2.15 Reliability of the Low-K Materials

It is recognized that Cu/low-K is the interconnect system of choice for future device
geometry. The critical need for low-K ILD in ULSI applications has already stimu-
lated great efforts in the development of advanced low-K materials including fluori-
nated inorganic materials, porous silica, and porous organic materials. However, the
lack of rigidity of low-K materials is an intrinsic property that will make EM more
of a concern for all metal layers including the first few local interconnects that are
usually less susceptible. As a result, the introduction of low-K materials to increase
the speed of a device has added additional concerns of reliability, because the speed
of an electrical signal in an IC is governed by two components — the switching time
of an individual transistor, known as the transistor gate delay, and the signal prop-
agation time between transistors, known as the RC delay. It is equal to 2pe {(4L?
/P?)+ (L? /T%)}, where p is the metal resistivity, ¢ is the permittivity of ILD, L is line
length, P is the metal pitch, and 7 is the thickness of the metal. Figure 8.31 shows
the low-K, cap layer and multilayer metals (M, M», M3) inside a Cu-damascene
structure.

Materials with K values lower than 3 are taken to be low-K materials, and they
fall into three categories: organic, inorganic, and hybrid. Hybrid materials are typi-
cally inorganic materials doped with mostly carbon (C) or fluorine (F). The doped
inorganic dielectric material, e.g. SiO, doped with C or F, reduces the effective K
value from 4.2 to 3.0-3.5, but the introduction of C or F forces the material to change
its volume, and reduces the electronic polarizability.

The other method which has been in practice to reduce the K value is to intro-
duce pores into the material (air pockets, K = 1). The introduction of pores degrades
the mechanical properties of the dielectric material, which becomes vulnerable
during chemical mechanical polishing (CMP). The ITRS calls for K = 2.2 (for
65 nm generation) which means incorporation of ~20% porosity, which is actually
above the porosity percolation threshold. At this porosity, low-K ILD will act like a
sponge, and will make the dielectric absorb moisture and is susceptible to cracking.
Moreover, percolated porosity provides a path for Cu ions to diffuse and possible
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Fig. 8.31 The low-K,
caplayer and multilayer
metals (M, M, M3) inside a
Cu-damascene structure
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shortening of the metal lines. At the same time, highly porous materials are gener-
ally more ductile at room temperature, and a ductile-to-brittle transition occurs at
lower temperature. However, when the pores are closed rather than open, and the
pore sizes are less than 10% of the minimum feature size, the film shows better
modulus to withstand CMP.

Adhesion is another issue related to low-K dielectric materials. Poor adhesion
of the dielectric material to the barrier layer could create a fast diffusion path for
copper along the low-K-barrier interface as well as delamination of the film under
stress (Fig. 8.32).

These are not all. The thermal conductivity of low-K materials is poor compared
to silicon dioxide (SiO2). As a matter of fact, thermal conductivity decreases rapidly
with the incorporation of porosity, as heat conduction is limited to the solid phase
of a porous material. Some studies show a >10 times decrease in thermal conductiv-
ity when the material is accompanied with 20% porosity. As a result, the effective
thermal resistance (Rtp) of the low-K materials will be higher than a conventional
dielectric material like SiO>. On the other hand, organic dielectric materials have
high thermal coefficient of expansion, and low thermal conductivity leading to a
high stress field at the interface, and will show delamination (Fig. 8.32) and Joule
heating at the interconnects.
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Fig. 8.32 Delamination
along the FSG/barrier
interface upon wire bonding,
when FSG (fluorosilicate
glass) is used as the final ILD
(Reprinted with permission,
Freescale Semiconductor
Inc.)
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Fig. 8.33 Time dependent dielectric breakdown lifetime extrapolation curves for different dielec-
tric materials used in the Cu-damascene process (Reprinted with permission, Dr. P.S. Ho, Univer-
sity of Texas). The lines from the left-hand side represent (1) P-MSQ, (2) SiOC, (3) SiOF, (4)
PE-TEOS, (5) SiO», respectively. P stands for plasma and PE is plasma-enhanced

The time dependent dielectric breakdown (TDDB) lifetime extrapolation shows
(Fig. 8.33) that the time to failure for SiO» is the highest compared to low-K dielec-
tric materials. The integrity of the dielectric layer is a major overall reliability issue
of copper low-K interconnects, which is not a reliability issue with SiO; in the con-
ventional Al-interconnects. It has been observed that the breakdown strength and
Weibull shape parameter  decrease as the porosity in low-K material increases.

Low-K films are more susceptible to ash damage (Fig. 8.34) and require a shift
away from standard oxidizing chemistries. This is important for dual inlaid struc-
tures that require aggressive processing which affect low-K dielectric materials. It is
sometimes advantageous to eliminate the middle stop layer (MSL), but without an
MSL the trench bottom profile becomes more difficult.

During exposure the cross-linking of a low-K polymer film must be kept within
some tolerable limits in order to keep the device integrity. Too little polymerization
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will degrade the hardness, whereas too much polymerization will make the material
brittle. Control over electron dose is of imperative importance for the final structure
of the low-K resist material. Another important criterion for these low-K materials
is that they are susceptible to oxidation, which dramatically changes their K val-
ues. This can destroy the signal synchronization, ultimately rendering a processor
inoperable.

8.2.2.16 Impact of Exotic Materials on Dual-Damascene Pattern Formation

Cu-metallization has introduced many challenges to interconnect process technol-
ogy, among which three pertain to patterning : (a) control of substrate reflectivity;
(b) selectivity to the etch-stop (ES) layer; and (c) control of the profile and etch bias
of the patterned critical dimension. For patterning ILD, etch back (EB) and via flare
are more critical due to the soft nature of the ILD. At the same time, utilization of
a dual hard mask to define via and trench openings is not compatible with unlanded
via holes and full via first opening.

Most of the time the ILDs that are used in the Cu-damascene process are com-
posed of silicate glass (SG), fluorosilicate glass (FSG), and carbon doped silicate
glass (CDO). These materials are very transparent at 248 and 193 nm lithography
and the reflectivity of these materials serving as substrate are unacceptable. There-
fore, in most of the cases use of an organic antireflective coating (ARC) is rec-
ommended. However, applying this technique to dual damascene (DD) patterning
shows several defects that impact die yield and chip reliability [129]. As a matter of
fact, during trench etching both the ARC layer and the ILD are etched simultane-
ously and that generates defects that are known as shell defects.

On the other hand, dielectric materials like silicon nitride (Si3Ny4) and silicon
carbide (SiC) are used as the ES layer. Since the K values of these materials are
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relatively higher than that of an ILD, minimal ES layer thickness should be provided
to avoid excessive increase in the effective K (Kefr) value of the overall integrated
stack [130].

8.2.2.17 Etching Processes and the Reliability

The scaling of feature size and the growing complexity of the stacked materials
have made traditional etching systems very difficult, e.g. control of profile, selec-
tivity, critical dimensions (CDs), uniformity, and defects. Also of concern is the
cost of ownership, which is impacted by parameters such as etch rate, the time
between cleans, and the cost of consumables. Indeed, success in the etching pro-
cess, whether it is wet or dry, depends upon successful control of the etch profile,
the critical dimension (CD), damage, line edge roughness (LER) and line width
roughness (LWR), uniformity and variability across the wafer, and wafer to wafer.

Dielectric etching traditionally uses highly polymerizing fluorocarbon gases to
passivate the sidewalls for anisotropic vertical etching. However, the presence of a
higher percentage of carbon and lower oxygen in SiOC films drives the etch into
over-polymerization. This leads to cessation of SiOC etches — a condition referred
to as etch stop. However, carbon tetrafluoride (CF4) or H; based chemistry has been
found to be helpful in removing the residue.

Dry anisotropic etching is very successful with dense dielectric materials. But
when the dielectric is a porous one (to lower the K value) dry anisotropic etching
is difficult to perform because of the etching rate. However, hydrocarbon gases are
found to control anisotropy. On the other hand, during trench etching the presence
of an intermediate stop layer has the advantage of controlling the depth of etching.
But the presence of an additional layer has several disadvantages, like increase of
the effective K value of the dielectric layer, potential delamination, formation of a
facet at the top of the via inside the trench, and manufacturing cost. Facet forma-
tion becomes exacerbated when the density of the dielectric is very low. However,
experimental study shows that low gas phase polymer with little or no fluorocarbon
and low ion energy (low bias) are the key parameters to minimize faceting.

In the via first etching sequence, an antireflecting coating (ARC) is spun over
the wafer and into the via holes prior to photoresist. It has been observed that ARC
leaves a residue inside the via hole after photoresist and ARC etching are done. Such
a residue is referred to as a fence. The presence of the fence causes problem during
metal filling, which is a reliability issue.

Fencing and faceting around the via hole during the trench etch of the via first
dual damascene integration scheme are particularly detrimental and can lead to
problems during copper metallization and ultimately may cause device failure. Dur-
ing trench etching, the serious problem that has been noticed is the formations
of fences, which are caused by the deposition of etch products of the dielectric.
The other concern about the trench etch stop layer is that its removal can lead to
increased capacitance and thickness variation of the metal layer.

As device dimensions shrink (from 90 to 32 nm generations), new exotic mate-
rials are being introduced, including low- and high-K dielectric materials and
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proprietary gate metals with fine tuned work functions. These new materials, par-
ticularly the metals, are creating new etch by-products that are sometimes difficult
to remove. A similar situation is noticed with dual damascene patterning of via
holes that are very small. In addition, etch stops, hard masks, antireflecting coat-
ings (ARCs), and different process flows (via first or trench first) have introduced
difficult situations during the etching process.

Another new and unique etch challenge is presented by 3-D integration, where
via holes/trenches must be etched completely through a thin silicon wafer. These
deep via etches require a specialized process, like fast switching between silicon
etching and polymer deposition for silicon sidewall protection with SFg and C4Fs.
However, the switched approach (1-3 s) includes a better etch rate and selectivity
but with scalloping of the sidewall.

Plasma induced low-K damage is also a critical concern, which affect the CDs.
The etch process very often leaves some residues that must be removed along with
the resist material. Since SiOC contains a higher percentage of carbon, fluorine-
containing gas like carbon tetrafluoride or H, based chemistries is applied to
enhance residue removal. The porosity of low-K films also affects the anisotropic
etching rate. Hydrocarbon gases are found to control anisotropy. Figure 8.35 shows
a scanning electron micrograph of the cross-section showing the formation of a
fence during etching.

Fig. 8.35 Scanning electron
micrograph of the
cross-section showing the
formation of a fence during
etching (Reproduced with
permission, IBM Research)

8.2.2.18 Reliability of Chemical-Mechanical Polishing (CMP)

Both dry and wet etching systems are not suitable for the copper damascene pro-
cess. As a result, the deposited metal is polished back using chemical mechanical
polishing (CMP). Conventional CMP requires a long time for planarization and a
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large quantity of consumable materials, especially when the interlayer dielectric is
a low-K material. Furthermore, it presents a tremendous challenge for post-CMP
cleaning. Remaining particles, erosion and dishing are the major factors that affect
production yield. Recently, a current controlled electro-polishing CMP system has
been able to produce a stress free surface of the substrate. According to the report,
the system is capable of removing atomic level particles from the surface of the
substrate with minimum damage (Fig. 8.36) [131].

Fig. 8.36 Scanning electron
microphotograph of a
patterned copper (Cu) wafer
showing a clean surface with
no damage and corrosion
after post Cu-CMP cleaning
(Reprinted with permission,
Conexant Syst. Inc. Newport
Beach, CA)

Etching and planarization methods include mechanical milling, reactive ion etch-
ing (RIE), wet chemical etching, parallel polishing, and chemical mechanical pol-
ishing (CMP). It is possible that RIE is able to produce a more uniform anisotropic
feature size with better selectivity, whereas fluorine based inductively coupled
plasma (ICP) can balance chemical etching and ion assisted etching.

Reliability in CMP and post-CMP processes involves addressing plasma damage,
contamination, thermal budgets, cleaning of high aspect ratio features, defect toler-
ant processes, and elimination or minimization of complicated processes. Accept-
able reliability will only come through the control of interfaces, more emphasis on
modeling, and the elimination of failure mechanisms.

8.2.2.19 Cleaning Process and Reliability

As features are becoming smaller, and specs get tighter, most cleaning challenges
are becoming evolutionary. Although dry processes continue to evolve and offer
unique advantages for some cleaning operations, wet cleaning with a mixture of
chemicals such as hydrofluoric (HF), hydrochloric, (HCI), sulfuric (H2SOj), or
phosphoric acid (H3POy), or hydrogen peroxide (H,O3), or ammonium hydrox-
ide (NH4OH) diluted with de-ionized (DI) water, is still considered to be the most
valuable cleaning solutions for modern integrated circuits. As a matter of fact,
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RCA cleaning with more dilution remains a production workhorse. However, all
of the wet chemistry cleaning in some way or other involves high-temperature
(~160 °C) operation and it creates significant reliability and contamination issues
for submicron size devices. Thus, the ultimate solution will be to come up with a
low-temperature solvent.

The most critical and challenging job is to keep the Cu-surface clean without
corrosion. Compatibility with the ILD and ES layers is also required for dual dam-
ascene (DD) cleans to be effective. Use of oxygen ashing is a dilemma in the Cu-
damascene process. Use of the method will degrade the ILD’s K-value but not using
it will require more cleaning, especially to remove hardened via polymer and antire-
flecting coating.

In the back-end-of-line (BEOL) copper cleaning seems to be under control, but
the main challenge is cleaning porous low-K dielectric materials. As the industry
moves to 32 and 22 nm node technologies, low-K will pose new challenges for wet
processing (fluoride ions of HF can change the effective K-value). Here, upstream
processing will prove to be critical to the effectiveness of the cleaning and some
post-clean processing may be essential to render the films stable for the down stream
steps.

Post-etch clean strategies for high-K and metal gate materials require an inte-
grated strategy for implementation into a transistor flow. Preventing corrosion of
metal gate and new materials also needs to be considered. Cleaning photomasks are
becoming more critical for 65 nm technology and it requires a special wet etch-
ing formula as conventional wet cleaning processes with HF/H>O; followed by
NH4OH/H;0; are not adequate. On the other hand, at 193 nm, sub-pellicle defects
and photon induced haze resulting from sulfur residues that remain after cleaning
are becoming the key challenges.

Another big challenge facing wet processing equipment and materials supplies is
the removal of photoresist after high dose ion implantation. The obvious challenge is
to remove the resist completely, while at the same time keeping post-strip defectivity
within specifications and not doing any damage to the film and structures. At the
same time, dry stripping in and of itself is not the best solution because of substrate
loss and other challenges. As a result the wet clean formulation should be such that
the solution becomes very aggressive in removing particles but should be gentle to
the device structures. For example, the compatibility of tungsten to oxidizers, in
particular things like hydrogen peroxide, is a concern, selectivity being the biggest
challenge.

According to some observers, with submicron devices, surface cleaning after
etching or ashing, or CMP, is virtually to apply physical force to clean particles
as well as residues. Thus research is focused on megasonic brushing and cleaning
with non-megasonic solutions. However, the brushing and cleaning of the particles
including residues have to be performed efficiently without any damage to delicate
structures. Right now the particle size is about 60 nm with particle density typically
on the order of 0.04 particles per square centimeter on a 300 mm wafer. It is expected
that by the end of 2010 the particle size will drop to 40 to 30 nm with a particle
density of 0.06 particles per square centimeter on a 300 mm wafer. These particles
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are smaller than an airborne virus and the reliability of the metrology tools to detect
these defects leaves a lot to be considered.

8.2.3 Measurements

(a) Film thickness, roughness and density measurements: Recently X-ray reflec-
tive (XRR) and X-ray fluorescence (XRF) techniques have been used for non-
destructive in situ measurements of thickness, surface roughness, and density of
the multilayer stack during the damascene process. The XRR and XRF measure-
ments can detect any change in density (due to interactions between the layers)
of the interfacial layer by measuring different incidence angles of the critical
angle of the X-ray reflectivity. This interaction involves changes in effective
resistance, and mechanical behavior of the adjacent film. It is also possible to
calculate the percentage porosity of a low-K material from the density measure-
ments of the material. Besides, XRR and XRF are used to measure the thick-
ness of a metal or dielectric layer in Cu-damascene process. XRR and XRF
techniques have also been used for the measurements of the film roughness.
However, the XRF technique cannot be applied when the layer thickness or
roughness is 250 nm or higher because of X-ray absorption.

(b) Stress measurements: Stress in Cu-interconnects is a complex function of a vari-

ety of parameters, including interconnection width. As film stress competes with
adhesion strength of the film, loss of adhesion may occur for a high modulus
material for a given thermally induced strain and identical adhesion strength
[132].
Several methods have been used to measure strains, and hence to infer stress
within thin metal interconnects. One such method is X-ray micro-diffraction,
where a focused beam of approximately 1 wm [133] is produced from syn-
chrotron radiation. The other method which has been successfully used to mea-
sure stress is a narrow (~10 nm) convergent electron diffraction (CBED) beam
in a transmission electron microscope (TEM). A cone-shaped electron beam
illuminates the sample and the diffracted spot looks like a disk from parallel
illumination. The central disk is used for strain analysis [134].

(c) Electromigration (EM) measurements in Cu-damascene line: To detect mass
migration of copper (Cu) from the Cu-interconnect line, the test structure is
made out of Cu line 10 wm wide. Gallium metal is placed on the surface of the
film. The test structure is put under current stress under a specific current load
and X-ray fluorescence mapping is obtained by an X-ray scanning beam 1 pm
wide. Figure 8.37 (a) shows a schematic of the test structure of the Cu-line
with a small lump of gallium (Ga). Figure 8.37(b) shows the X-ray fluorescence
(XRF) mapping obtained by X-ray micro-beam scanning. Figure 8.37(c) shows
the distribution paths of Ga and Cu atoms along the grain boundaries (GBs)
[135].

Electromigration (EM) in Cu-damascene interconnecting lines has also been
studied by time resolved X-ray microscopy [136]. Multiple X-ray (1.8 k eV.
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photon energy) images are recorded when the lines are under current stress. The
image sequences show void formation, the way the voids are nucleated, and the
mass migration of Cu-atom towards the via sidewall.

Measurement of Cu-damascene line texture: The texture of the damascene
Cu-line is complicated due to high aspect ratio trench and via lines, where
nucleation during deposition occurs on the sidewalls and at the bottom of the
interconnect features [137]. Electron back scattering diffraction (EDSD) scans
are carried out in a small area in the longitudinal plane (RD-ND plane where
RD is the rolling direction and ND is the normal direction). Later, EBSD map-
points are imaged in every 0.1 pwm intervals (corresponding to the map step
size). After suitable image processing, evaluation of the microstructure is per-
formed by means of automated acquisition and indexing of Kakuchi patterns.
Afterwards, pole figures and disorientation distributions are determined for each
mapped region. In order to compare the texture between two adjacent grains in
the vicinity of the grain boundary, the grains are scanned and imaged with a field
emission scanning electron microscope (FE-SEM) [138].

Line edge roughness (LER) or line width roughness (LWR): The rapid shrinking
of feature size and the introduction of new exotic materials continue to chal-
lenge metrology. The shrinking feature size has shrunk the critical dimension
(CD) to a few tenths of a nanometer. As a result the line edge roughness (LER)
or line width roughness (LWR) becomes a critical issue because it can degrade
resolution and line-width accuracy [139-140]. According to the International
Technology Road Map for Semiconductors (ITRS) 2004, the line width rough-
ness (LWR, nm) <3% of CD for 90 nm node technology should be 3.0 nm. From
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ITRS requirements, one can see that there is a real need for 3-D metrology in
various fields.

Both CD-AFM (atomic force microscopy) and CD-SEM (scanning electron
microscopy) have been used to measure (a) sidewall angle (SWA) height, (b) the
feature’s profile, and (c) LER and LWR. CD-AFM studies have been extended to
measure top rounding of the etching profile. The commercial instrument avail-
able in the market (Veeco, Dimension X3RD) has shown static repeatability
under 0.7 nm (30) and dynamic repeatability around 1 nm (30). For accurate
and dependable measurements the tip width and tip shape of the flared sili-
con are precisely determined. Once these measurements are done, the equip-
ment is set in CD-mode and further measurements are carried out [141]. For
LER or LWR measurements, different light scattering measurements are per-
formed based on an optical Fourier transform (OFT) using different simulations.
The measurement is capable of detecting simultaneously the specular and non-
specular diffraction patterns coming from different structures having periodic
roughness [142].

Similarly, using CD-SEM (Hitachi), the LWR and LER for resist material can
be measured. The measurement repeatability is 1.0 nm (30), the beam energy
ranges from 300 to 1600 V, resolution 2.0 nm, throughput 55 wafers per hour,
MAM (make acquire, and measure) time is <5 s, and visual field position accu-
racy is = 1 pwm. Experimental observation shows that the 3o value increases as
the length (L) of the measurement increases. The best workable values for length
and edge measurements are found to be 2 pm and 200 edge points, respectively.
A value of 2 um can also be applied for CD measurements. The CD variations
are caused by roughness of the surface. The frequency of roughness smaller
than ‘L’ is called as LWR. On the other hand, when the frequency of roughness
is greater than ‘L’ it is called CD variations [143].

Time dependent dielectric breakdown (TDDB): The integrity of the dielectric
layer is a major overall reliability issue of copper low-K interconnects. Low
leakage current for assessing isolation properties of back-end-of-line (BEOL)
dielectric materials and time dependent dielectric break down (TDDB) measure-
ments have gained more acceptance for assessment of BEOL reliability. TDDB
is not an issue for SiO; based dielectric interconnects but becomes increasingly
important when low-K materials with fine pitch are considered.

TDDB is found to accelerate by the drift of Cu* ions in a dielectric layer under

the influence of an electric field [144] and can be modeled after McPherson and
Mogul as:

8D = {B exp (Ea/kn)}/ {[exp (AE/KT) — [exp(— gAE/KT)]}  (8.9)

where tpp is the time to form Cu* passage from anode to cathode, B is a propor-
tionality constant, E, is the diffusion activation energy of Cu*, E the electric field, A
the jump distance between two adjacent Cu* positions in dielectric, k the Boltzmann
constant and 7' is absolute temperature.
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It has been observed that for a particular field E, and temperature 7, tgp is higher
in a dielectric material having higher activation energy (e.g. tgp for a particular
temperature, field, and X, is higher in Si3N4 compared to SiO;) [145-146]. Thus
one can assume that low-K materials will give lower tpp values compare to silicon
dioxide, which has a higher K value compared to these low-K materials. When the
oxide layer is very thin, the breakdown mechanism is widely accepted to be the
result of neutral defect and TDDB no longer provides a suitable method to assess
the reliability of the oxide layer. As a matter of fact, as the oxide thickness continues
to scale down towards the intrinsic limit, plasma-charging damage has become a
serious problem [147].

To measure the scaled-down feature size of copper, barrier, and the dielectric
materials, a series of analytical tools is used to characterize Cu-damascene process-
ing. A list of such analytical tools is given in Table 8.5 .

Table 8.5 A list of the analytical tools used to characterize copper damascene processing

Analytical tools Applications
Focused Ion Beam (FIB) Void Exposure, grain size, defect
cross-section
Scanning Electron Microscope (SEM) Grain size, defect imagimg
Atomic Force Microscope (AFM) Etch depth, contact geometry, surface
morphology
In Lens Field Emission Scanning Electron Layer thickness, step-coverage, grain size,
Microscopy (FE-SEM) defect imaging
Time of Flight Secondary Ion Mass Post-CMP cleaning, surface contamination
Spectroscopy (TOF-SIMS)
Dynamic SIMS Cu-diffusion, in-film metal contamination
Surface SIMS Surface and back side contamination of a
wafer
Total Reflection X-Ray Fluorescence (TXRF) Surface and back side contamination of a
wafer
Field Emission Auger Electron Spectroscopy Killer particle identification
(FE-AES)
X-Ray Photoelectron Spectroscopy (XPS) Silicon oxide thickness, surface contaminant

Figure 8.38 shows an image of a cleave cross-section of a trench region. The
image has been taken by using the backscatter mode of an immersion lens FE-SEM.
The barrier layer shows excellent uniformity while the seed layer shows variation in
thickness along the length.

Figure 8.39 shows a SEM image of a FIB prepared cross-section of Cu film over
the trenches. The formation of voids during electrochemical deposition of Cu is also
shown in the figure. Figure 8.40 shows an image of the grain structures of the Cu-
seed and barrier layer inside a via hole. The image has been taken with the help of
an immersion lens FE-SEM.

Figure 8.41 shows an overlay of two secondary ion mass spectroscopy (SIMS)
depth profiles. From the figure it is clear that the barrier layer of sample B is not
affected as much as sample A in the same experimental environment.
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Fig. 8.38 The deposition of
an oxide layer to retain the
structural integrity of the seed
layer. Imaging is done using
FE-SEM (Photo courtesy,
Charles Evans, & Associates,
Sunnyvale, CA)

Fig. 8.39 The secondary of
voids in Cu-filled trenches
(Photo courtesy, Charles
Evans, & Associates,
Sunnyvale, CA)

Fig. 8.40 The grain structure
of a Cu-seed deposited over a
via hole (Photo courtesy,
Charles Evans, & Associates,
Sunnyvale, CA)
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8.3 Summary

It is widely known that the performance of interconnect routing systems in sub-
100 nm node integrated circuits (ICs) will be highly influenced by the metal used
for the interconnect. Scaling of interconnect routing is also a critical determinant
for future circuit density, especially for logic and microprocessor products. As
higher levels of interconnect routing for future logic and microprocessor products
are needed, the interconnecting routing system has to provide a cost-effective solu-
tion for yield management and wafer manufacturing. The materials, the process
architecture of dual damascene (DD) technology, and the adoption and reliability
of emerging Cu-routing, will decide the future of Cu-DD processes. The major line
monitoring and yield management in the future are high aspect ratio trenches and via
holes, new process integration of Cu-low-K systems, and integrity of the thin barrier
layer. The number of contacts and via holes that can be used is also constrained by
the routing area due to the via blockage effect [148]. Hence, efficient design of con-
tacts and via holes is pivotal to robustness and reliability of sub-micrometer scale
Cu-interconnects. In addition the highly resistive diffusion barrier layer needed for
Cu-interconnects occupies nearly 20% of the drawn wire width at each technology
node [149]. Therefore, the barrier layer has added an additional challenge to the
Cu-damascene routing system [150]. It is also true that due to the deep submicron
(reduced geometry) Cu-interconnecting system, the line resistances have decreased
further and the exiting routing system has introduced additional inductive cross-talk
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which is being considered as the most serious problem in VLSI interconnects, spe-
cially for large busses [151]. Unfortunately, the self, mutual and loop inductances
of a Cu-interconnecting system do not depend on their geometry, but also depends
on the current return path. Thus the routing is becoming a reliability issue with the
present interconnect scaling scheme.

Deposition of a thin barrier layer on to a wafer that exhibits surface topology vari-
ation results in a non-uniform film thickness after chemical mechanical polishing
(CMP). This non-uniformity leads to resistivity variations resulting in the reliability
problem of the device performance. Therefore, stringent control of the starting mate-
rial has to be established especially when there is a variation in the surface topology
of the blanket. Despite the higher conductivity, the aspect ratio of Cu-interconnects
remains high to allow finer pitch. To lower the capacitance, the permittivity of the
intermetal dielectric (IMD) and interlevel dielectric layer (ILD) films should have
lower values than silicon dioxide (SiO;). However, the low-K dielectric materials
that are being used to lower the RC effect have not yet reached the manufacturing
stage. Thus more work and research is going on for a successful implementation of
Cu-interconnects and their routing in the sub-micron level devices.

In the near future more margins are required for electromigration with cobalt
tungsten capping layers and alloying of copper which is not without risk, because
both come with an increase in the RC product, which ultimately will affect the speed
of the device. As a matter of fact, due to increasing complexity and clock frequency,
temperature has become a major concern in IC design. Higher temperatures not only
degrade system performance, raise packaging costs, and increase leakage power, but
they also reduce system reliability via temperature enhanced failure mechanisms
such as gate oxide breakdown, interconnect fast thermal cycling, stress migration,
and electromigration (EM) [152]. In order to minimize temperature related relia-
bility problems, several low-temperature deposition technologies (CVD, ALD, etc.)
have been either in use or at the research stage for submicron film deposition in the
Cu-damascene process.

In the area of thin film deposition, PVD deposited copper and tantalum are unique
because thermodynamic deposition of pure tantalum (Ta) by the ALD method is
difficult. Moreover, during metal organic and ALD depositions, precursors are used
and there is always the possibility of the presence of carbon and nitrogen in the film,
which can degrade adhesion. The biggest issue is scaling, especially with low-K
dielectric materials, where water absorption and mechanical integrity become severe
if not properly sealed. However, it is worth mentioning that joint research efforts by
the industries and universities for the implementation of Cu-low-K system to replace
the Al-SiO system have made so much progress within ten years that the future of
manufacturable 65 nm node devices with Cu-low-K is bright.
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ACE A (aqueous), C (chemically) E (enhanced), Post-CMP hybrid cleaning tech-
nology consisting of a combination of CO; cryogenic along with conventional wet
etching.

Adatom A single atom on the surface of a material taking part in adsorption
during nucleation.

Agglomeration Small particles (less than 5 wm) when sticking together or the
action or process of collecting small particles in a mass.

ALD A (atomic) L (layer) D (deposition) is performed by sequential atomic layer
deposition of material/s at a low temperature.

Aligner Tool used in photolithography for adequate positioning of the photomask
relative to the wafer.Ashing: Removal of organic material by volatilization.

Amorphous A material which has random atomic structure with short-range order,
indicated by a diffuse diffraction pattern.

Angstrom Unit of a length, and 1 Ais equal to one ten billionth (10719) of a meter.
Anisotropic etch Etching normal to the surface of the wafer to be etched.

Anneal Thermal cycling (heating and cooling) to change the morphology and
stress related phenomena.

APCVD A (atmospheric) P (pressure) C (chemical) V (vapor) D (deposition),
meaning that the CVD reactor will operate at atmospheric pressure. CVD is defined
as the formation of a non-volatile solid film by vapor phase chemical reactions.

AR A (aspect) R (ratio), meaning the ratio of height to width of a damascene
structure (either trench or via hole).

ARC A (anti) R (reflecting) C (coating), is a thin layer of material used to prevent
reflection of light from the surface. It can be used on the front surface or the back
(BARC) of a wafer.

Aromatic thermosetting polymer Cross-linked polymer that provides a three-
dimensional structure, so that the polymer forms rigid, completely insoluble
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material. (Aromatic means in general the organic material “having pleasant odors”
and possesses a benzene-like structure.)

ASIC A (application) S (specific) I (integrated) C (circuit), meaning an IC cus-
tomized for a particular use.

Attenuated PSM A phase shift mask which forms its pattern through adjacent
areas of quartz or MoSi.

Barrier layer A sandwich layer designed to prevent any interaction between layers
above and below the barrier layer.

Bandgap The energy gap between the conduction and valence bands of solids
(metal, conductor, and insulator). The electron energy in a crystal corresponds to
an energy band whose width is determined by the corresponding frequencies of the
neighboring atoms.

Bandgap engineering The process or the technology of altering the energy gap of
a solid material.

Bandwidth The frequency range of the messages handled by an information pro-
cessing system.

BEOL B (back) E (end) O (of) L (line), the process involves the wiring of the
wafer during integrated circuit (IC) fabrication.

BiCMOS The device is packed with Bi (bipolar transistor) and CMOS (compli-
mentary MOS) transistors.

Blech length A critical length of a metal line, which allows mass migration of the
metal.

Buckling When a structure undergoes visibly large displacements due to large
stress. It is an indication of the growth of bulges or ripples.

CD C (critical) D (dimension), referred to dimensional control or line-width con-
trol of the imaging pattern during lithography.

CDO C (carbon) D (doped) O (oxide), involves intentional introduction of carbon
impurities inside a metal oxide to reduce the normal dielectric constant of the host
material.

Clock One of the most important signals in synchronous digital circuits, which
controls the timing and throughput of the entire system.

Clocking/clock frequency The fundamental rate in cycles per second of a com-
puter. In the CPU (central processing unit) the clock frequency determines the rate
of data processing.

CMOS C (complimentary) M (metal) O (oxide) S (semiconductor), a monolithic
switching device comprising a p-channel (PMOS) and an n-channel (NMOS) field
effect transistor connected in series.
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CMP C (chemical) M (mechanical P (polishing/planarization), a method to pol-
ish/planarize a surface by mechanical methods aided by chemicals.

Coherent light Light waves having the same wavelength, phase, and direction.

Cohesive energy The strength or the energy with which the atoms are bound
within a metal. The strength of this binding energy can conveniently be measured
by the enthalpies of atomization.

Complimentary PSM A phase shift mask, which utilizes multiple reticles to
enhance the images printed on the wafer.

Conduction The process by which heat or electric current is transferred through
matter without transfer of the matter itself.

Conductivity The power of conducting heat, electricity, sound, or other forms of
energy.

Conductor Material which transmits heat, electricity, light, sound, or other forms
of energy.

Conformal Leaving unchanged the size of all angles.

Contact printing The process of printing the replica of a mask placed directly in
contact with a substrate.

Contrast Related to the quality of image formation during lithography. For nega-
tive resist, the contrast is related to the rate of cross-linked network formation, and
for positive resist, it is related to the rate of chain scission at a constant irradiation
source.

CP-4 etch An etch solution comprising HF (hydrofluoric acid): HNO3 (Nitric
acid): CH3COOH (acetic acid glacial) in 3:5:3 proportion.

CPU C (central) P (processing U (unit), is the heart of a computer system. Three
main sections are generally located within CPUs of all sizes. A CPU has two com-
ponents: (i) arithmetic logic unit (ALU); and (ii) the control unit (CU).

Creep High temperature related progressive deformation of a material at constant
stress.

Cross-talk  Undesired noise level due to capacitive reactance between the metal
lines in a multilayer metal structure.

Crystalline In crystalline solids, the atoms are spatially arranged in a periodic
fashion. When this periodicity exists throughout the entire solid it forms a single
crystal.

CTE C (coefficient) of T (thermal) E (expansion), measures the increase in length
(or volume) per unit length (or volume) of a solid per unit rise of temperature. It is
also expressed as TCE.



408 Glossary (Copper Interconnects)

CVAL C (curvilinear) V (variable) A (axis) L (lens), a special lens in an optical
system for achieving large distance beam scanning at a resolution of <100 nm. It has
been introduced for the optics of projection reduction exposure with variable axis
immersion lens.

CVD C (chemical) V (vapor) D (deposition), involves chemical reactions between
gaseous reactants at elevated temperature and consequent condensation and deposi-
tion of the gaseous material over a wafer.

Damascene A process practiced in Damascus to decorate a sword. At present in
Cu-interconnecting systems the damascene process means inlaying copper within
the dielectric channels to form a metal interconnect.

Dangling bond A broken chemical bond associated with an atom in the surface
layer of a solid extending to the solid’s exterior.

Detector A device used to detect light or nuclear particles. A detector can also be
meant as a device to be used in the demodulation stage of an AM and FM receiver.

Dielectric Insulating material (organic/inorganic) mostly used in integrated cir-
cuits to form capacitors, masks, and crossover, and to create structures to inlay met-
als to form interconnects.

DIGM D (diffusion) I (induced) G (grain) B (boundary) M (motion), stress related
diffusion of the solute and consequently movement of the grain boundary in a poly-
crystalline material.

Dishing Over-polishing the burden layer during CMP operation, making a depres-
sion that looks like that of a dish.

Dissolution inhibitor A chemical which can reduce the dissolution rate of a pho-
toresist.

DLC D (diamond) L (like) C (carbon), laboratory synthesized hydrogenated amor-
phous material resembling the physical and mechanical properties of carbon.

Dopant Intentional impurity administered in a semiconductor to change the elec-
trical behavior of the host material.

Double (dual) damascene The modified version of the damascene process where
two interlayer dielectric patterning requires two metal CMP steps.

DRAM D (dynamic) R (random) A (access) M (memory), meaning a solid state
memory device based on MOS technology.

Dry-etching Etching performed in dry conditions by the volatilization of atoms by
chemical reactions or stripping of atoms with high energetic ions.

DUV D (deep) U (ultra) V (violet), meaning light having short wavelength
(~200-300 nm).
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e-beam evaporation Where evaporation of a material is performed by the bom-
bardment of high-energy electrons generated in an electron gun inside an evacuated
chamber.

EBL E (electron) B (beam) L (lithography), the focused beam of electrons used to
perform photolithography operation with special type of resist material.

ECR E (electron) C (Cyclotron) R (resonance), used to generate high-density
plasma.

EDS E (energy) D (dispersive) S spectroscopy, a method to determine the energy
spectrum of X-ray radiation. Mainly used in chemical analysis.

Electromigration Movement of the atoms in the direction of electron flow. It is
the mass transport of metal atoms due to an electric current in a bulk specimen.

Electronegativity An empirical measure of the tendency of an atom in a molecule
to attract electrons.

Electroplating Deposition of a metal layer from an electrolyte when an electric
current is passed through the electrolyte.

Enthalpy The measure of heat exchange of a system, related to the heat and work
related thermodynamical studies of materials.

EOT E (equivalent) O (oxide) T (thickness), the optimum thickness of oxide nec-
essary for speed, high channel mobility, and low leakage current.

Erosion Excess removal of material during chemical mechanical polishing (CMP).
EUV E (extreme) U (ultra) V (violet), a wavelength of light shorter than 180 nm.

EUVL Extreme ultraviolet lithography, means a photolithography operation,
where the resist is exposed to EUV to create sub-micron structures.

Excimer laser Chemically interactive (generally fluorinated argon or krypton)
laser (light amplified by stimulated emission of radiation) capable of generating
very short wavelengths of 248 and 193 nm.

FEOL F (front) E (end) O (of) L (line), a process involving the first step of IC
fabrication where the individual active devices are patterned.

FIB F (Focused) I (ion) B (beam) generally means an instrument used to perform
lithography, and is characterized by its spot size, spot current, deflection frequency,
field size, and writing speed. These instruments are less prone to back-scattering
and better resolution limiting proximity effects than electron beam lithography.

FET F (field) E (effect) T (transistor), a special type of transistor where the electric
field controls the channel conductivity.

Galvanic couple Two dissimilar metals in electrical contact inside an electrolyte.
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GB G (grain) B (boundary), the interface between two grains in a polycrystalline
material.

GDOES G (glow) D (discharge) O (optical) E (emission) S (spectroscopy), a tool
for quantitative analysis of multi-elemental depth profiling.

Glazing Sluggishness in the removal rate of a pad during chemical mechanical
polishing/planarization (CMP).

g-line lithography Photolithography operation using 436 nm exposure light.

Global planarization A planarization process in which the relaxation distance is
in the rage of millimeters.

High-K Dielectric materials having dielectric constant (K) higher than 3.0.

Hydrophilic The property of a material, which has a natural affinity to bond with
water through the hydrogen bond.

Hydrophobic The property of a non-polar molecule that likes to self-associate
itself in the presence of moisture.

IC I (integrated) C (circuit), A circuit comprising diodes, transistors, resistors, and
capacitors formed on a single semiconductor chip (monolithic IC, meaning IC built
on a single (mono) stone (lithos)).

ICP I (inductively) C (coupled) P (plasma), a process where the plasma created
inside the reactor is inductively coupled for uniform and highly ionized flux.

ILD I (inter) L (layer) D (dielectric), insulating layer separating two metal lines.
i-line lithography Photolithography operation using 365 nm exposure light.

IMD I (inter) M (metal) D (dielectric), insulating layer between two adjacent metal
lines.

Immersion lithography Lithography that involves the immersion of the optical
system in a higher refractive index medium than air.

Interconnect Metal lines formed from a deposited film of metal to connect differ-
ent parts of the integrated circuit (IC).

Joule heating The increase in heat due to excessive electric current through a
conductive material.

K Used to denote heat conductivity or the dielectric constant of an insulator.
k Used to denote a unit of temperature in kelvins.
Lattice Periodic arrangements of atoms in a crystal specific to a solid material.

LED L (light) E (emitting) D (diode), a junction diode. When properly biased,
the injected electron takes part in radiative recombination to give rise to an emitted
photon (quantum of light energy).
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Local planarization A planarization process in which the relaxation distance is in
the rage of < 100 pum.

Low-K Dielectric materials having dielectric constant (K) lower than 3.0.
LSP L (low) S (stand by) P (power).

LSTP L (Low) ST (standby) P (power) A term applicable to logic devices in which
the prime concern is to keep the current in the “off” state as low as possible. Mostly
meant for portable gadgets.

LTCC L (low) T (temperature) C (co-fired) C (ceramic), a low-temperature co-
fired ceramic material used as a hybrid circuit substrate. The substrate material has
low dielectric constant.

MBE M (molecular) B (beam) E (epitaxy), a versatile technique to grow an ori-
ented single crystal layer on a substrate by impinging molecular or atomic beams of
the constituent material inside a high vacuum system.

Modulator A device that modulates (amplitude, frequency, etc.).

Monomodal failure The failure statistics in all the lines are due to either polygran-
ular or transgranular failure mechanism. When the same failure statistics for some
lines are polygranular and for some transgranular, the failure mode is bimodal. The
failure time statistics for a given population are sensitive to the value of the critical
stress.

MPSA M (Marcapto) P (propane) S (sulfonic) A (acid) Chemical used as an addi-
tive during copper plating.

MTF M (modulation) T (transfer) F (function), a parameter which when approxi-
mately plotted provides a rapid convenient indication of the capability of an optical
projection.

Multulayer metallization More than one metal layer deposited on the top of an
another layer without short circuit.

NA N (numerical) A (aperture), defines the geometry of an objective lens and is a
measure of a lens’s capacity to collect diffracted light from an object in an optical
system.

Nucleation Phase transition in stable condition.
OLED O (organic) LED, made out of organic materials.

Oswald ripening The process by which larger particles grow at the expense of
smaller particles due to higher solubility of the smaller particles and to molecular
diffusion through the continuous phase.

PAC P (photo) A (active) C (chemicals/compounds), chemicals (or compounds)
that are sensitive to certain radiation of light, specially meant for additives in a high
polymer, e.g., photoresist.
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PAG P (photo) A (acid) G (generator), an organic compound with the radical (R)
associated with sulfonic group (-SO3). It generates acid (sulfonic RSO3H on homol-
ysis and dissociation) when it is being exposed to light and significantly changes the
thermal decomposition temperature of the polymer.

PCB P (printed) C (circuit) B (board), which carries the hybrid circuit, consists of
a thin copper sheet laminated on to some kind of resin bonded material.

PEB P (post) E (exposure) B (bake), heat treatment of a resist material after it has
been exposed to a particular radiation of light.

PECVD P (plasma) E (enhanced) CVD, a special CVD process which uses rf-
induced glow discharge to transfer energy into the reactant gases inside a vacuum
chamber allowing the substrate to remain at a lower temperature than thermally
energized reactant gases.

Photolithography The process of producing an optical image through a mask and
an optical system using a photosensitive material (photoresist).

Photoresist (resist) A light sensitive high molecular weight polymer, very much
in use in the formation of pattern in modern VLSI circuits. The main ingredients are
resin (binder), the sensitizer, and additives in a proper solvent. In a positive resist
irradiated regions are soluble and it produces a positive image of the mask. On the
other hand, a negative resist behaves almost opposite to the positive resist.

Pitch The distance between center to center spacing between pads, rows of bumps,
pins, posts, leads.

PLED P (polymer) LED, an LED fabricated from polymeric materials.

Plug Linkage provided by a metal inside a via hole between two conducting layers
of a multilayer metal system.

Polycrystalline When a solid is made of several smaller crystallites quasi-periodic
in nature.

Polymer A large molecule made by the addition of many molecular units to each
other.

Polymerization The starting units from which the polymer is formed are
called monomers, and the reaction that joins the monomers together is called
polymerization.

Porogen A sacrificial polymeric material, which is thermally decomposable and
the decomposition products are volatilized and permeated through the matrix leav-
ing pores in their initially occupied sites.

Positron annihilation spectroscopy Powerful tool for microstructure investiga-
tion of condensed matter. The high momentum part of the Doppler broadening spec-
tra can be used to distinguish different elements.



Glossary (Copper Interconnects) 413

PREVAIL P (projection) R (reduction) E (exposure) with V (variable) A (axis) I
(immersion) L (lens), an optical system which combines high exposure efficiency of
massively parallel projection with a scanning probe to correct dynamic aberrations.

Projection printing A process that involves projection of the mask image on the
surface of a wafer placed at a distance from the mask/reticle.

PSM P (phase) S (shift) M (mask), a non-conventional mask provided with mate-
rial/s to introduce a phase shift of an exposure light by utilizing interference to
enhance resolution.

RBS R (Rutherford) B (back) S (scattering). The technique is a non-destructive
method to determine concentration profiles in the outer 0.5-3.0 wm of a material
by backward scattering of positively charged o particle from a positively charged
nucleus.

SCALPEL SC (scattering with) A (angular) L (limitation) P (projection) E (elec-
tron) B (beam) L (lithography), a new lithographic technique which offers high
resolution and wide process latitude.

SEM S (scanning) E (electron) M (microscope), an important tool for surface mor-
phology analysis of a material. It has the capability of providing higher magnifica-
tion, resolution and depth of field than optical microscope.

Step coverage Covering of steps left by the previous layer. It is the ratio of the
minimum thickness of a film as it crosses a step to the nominal thickness of the film
on flat regions.

Superconduting material The resistivity, the reciprocal of the conductivity of a
material, is temperature dependent, and at low temperatures, the resistivity of cer-
tain materials drops abruptly to an immeasurably low value. This phenomenon is
called superconductivity and the material undergoing such a change is called super-
conducting material.

Supercritical fluids Special fluids with minimum or no surface tension that pos-
sess mass transport properties comparable to a gas.

TDDB T (time) D (dependent) D (dielectric) B (breakdown), typical measure-
ments to evaluate the quality of the dielectric of a transistor. The breakdown of the
dielectric is the failure mode for integrated circuit (IC).

TEOS Tetra-ethyl orthosilicate, which is tetracthosiloxane Si (OC;Hs)s4 and is
used to form silicon dioxide at low temperature during integrated circuit device
fabrication.

TFT T (thin) F (film) T (transistor), a transistor prepared by the deposition of thin
film.

Transition elements Elements that have partly filled d and f shells. They are all
hard, strong, high melting metals that conduct heat and electricity well.
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Triple point Intersection on a phase diagram where three phases are in
equilibrium.

USJ U (ultra) S (shallow) J (junction), generally a junction in the sub-100 nm
depth. To cope with the ever-decreasing feature size of a device ultra-shallow junc-
tions are important to improve the short channel performance of the device.

UTQUANT A quasi-static CV (capacitance-voltage) simulator for one-
dimensional silicon MOS structures. Originally written to study quantization effects
in the MOS inversion layer.

UTCS U (ultra) T (thin) C (chip) S (stacking), an approach for high density and
silicon based chip packaging, (SiP) integration as well as 3-D interconnectivity by
embedding of thin die in thin film interconnect layers.

VLSI V (very) L (large) S (scale) I (integration), integration of more than 106
active and passive components.

Voids Formation of pits due to stress.

Zeta potential The measure of electrostatic forces that exist between particles and
the wafer surface.
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Abrasive free (ABF) process, 291
Activation energy, 122, 146, 149, 318, 368
Adatom, 133, 237, 405
Adhesion promoter, 134, 146-147
Adhesion strength, 368, 388
Advanced Micro-Device (AMD), 51
Aerogel, 81, 83, 135
Agglomeration, 250-251, 293, 319, 322
Air gap technology, 48-49
Air sparging, 244-245
Air surging, 244, 245
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Alternating phase shift mask (ALTPSM),
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AMD Opteron processor, 17
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Amorphous polymers, 91, 183
Anisotropic
etch, 179, 273-274, 383, 405
vertical etching, 384
Annealing, see Thermal cycling
Anomalous diffusion, 120
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Aqueous cryogenically enhanced (ACE)
technology, 213
Argon fluoride laser (ArF), 170-171
effects on resolution, 168
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Aromatic thermosetting polymer, 405
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Atomic force microscopy (AFM), 82, 115,
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Atomic layer deposition (ALD), 27, 43, 47,
83, 100, 102, 130, 146-147, 224,
226-227, 241-243, 317,
333, 347, 351

Atomic layer epitaxy, 241

Atomic migration, 14

Auger electron spectroscopy (AES), 122, 307

B
Baby transistor, 44
Back antireflecting coating (BARC), 168,
175-176, 199-200
See also Antireflective coating (ARC)
Back-end-of-line (BEOL), 48, 86, 200, 206,
296, 387, 390
Back-lighted thyratron (BLT), 185
Bamboo like structure, 303, 318, 327, 366-367
Bandgap engineering, 406
Bandwidth, 19, 48, 50, 180, 215, 406
Barrier films, 150, 379
Base resin, 184
Barrier layer
architecture, 126-127
cap-layer, 148-150
classification of, 144—145
encapsulation, 276
ideal, 126
influence on electrical conductivity,
139-141
influence on thermal conductivity, 141-144
integrity of, 135
interlayer reactions, 128-132
low-K dielectric, 135
properties of layer material, 145-148
properties, 132
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Barrier layer (cont.)
reaction rates, 135-139
requirements, 225
resistive diffusion, 393
thickness, 127, 225, 372
Bezocyclobutene (BCB) based polymer, 85-86
characteristics of, 86
Biaxial stress, 19, 52, 132
Black copper, 250
Black diamond, 84-85
Blech length, 321, 372, 406
Boltzmann transport equation, 303
Boron penetration, 200
Bowing, 43
Brick layer model, 311
Bruggeman’s model, 92
Buckling, 132, 135, 320, 406
Bulk resistivity, 8, 10, 140, 225, 240, 302, 305,
308, 369

C
Capacitance simulations, 75
Capacitive reactance, 10, 27-28
Capping, 70, 94, 148-149, 368, 371, 394
Carbon doped oxide, 83-84
Carbonization of a polymer, 206
Cascaded driver, 361
Catalyst, 250
Ceramic, 30, 101
Chemical mechanical planarization (CMP), 10,
53, 54,77, 94, 103, 124, 150, 208,
210, 226, 267-268, 273, 278-282,
296, 368, 381, 386, 394
Chemical mechanical polishing, 54, 94, 103,
150, 210, 226, 275, 278-286, 296,
368, 380
Chemical Vapor Deposition (CVD), 236-240
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