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Interconnects

VLSI Interconnects

Used to connect components on a VLSI chip
Used to connect chips on a multichip module

Used to connect multichip modules on a
system board
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Interconnection Technologies

Metallic Interconnects
Optical Interconnects
Superconducting Interconnects
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Metallic Interconnections
Issues

Parasitic Capacitances and Inductances
Reduction of Propagation Delays
Reduction of Crosstalk Effects

Reduction of Electromigration-Induced
Failure




Parasitic Capacitances
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Parasitic Capacitances

An accurate modeling of the capacitances
must include the contribution of the fringing
fields as well as the shielding effects due to
the presence of the neighboring conductors.




Multilevel and Multilayer
Interconnections

Level — Conductors separated by an
insulator

Layer - Different conductors tiered togethe
in one level

s
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Multilayer Interconnects

MA" Ti wr W

A" A% Si
A" Ti or W
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A" Ti or W

Reduction of electromigration is reported with
layers of two or more metals in the same levehef t
interconnection.




Metallic Interconnections

Transistors can be scaled down in size su
that the device delay decreases in direct
proportion to the device dimensions.

If the interconnections are scaled down, it
results in RC delays that begin to dominatt
the chip performance.

For the submicron-geometry chips, it is the
interconnection delays rather than the
device delays that determine the chip
performance.

\J
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Active Interconnections

New approaches are needed to lower the
interconnection delays.

One solution may be to replace the passi
interconnections by the active
interconnections by inserting inverters or
repeaters at appropriate spacings.
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Active Interconnections
Driven by Minimum Size Inverters

I’“s R, R/n R R, Ryn
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Ri = Total resistance of the interconnect line
Ci = Total capacitance of the interconnect line
Rr = Output resistance of the inverter

Cr = Input capacitance of the inverter

Rs = Resistance of the GaAs MESFET

C. = Load capacitance

n = Number of inverters

=
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Active Interconnections
Driven by Minimum Size Inverters
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Optimum number of inverters is given by




Active Interconnections
Driven by Optimum Size Inverters

R/k Ryn R/k  Rjn R/k R/n
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Propagation time can be improved by increasing thsize
of the inverters by a factor of k given by

~
T
k= -

i
=
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Active Interconnections
Driven by Cascaded Inverters

The optimal delay is obtained by using a sequence
of n inverters that increase gradually in sizeheac
by a factor of e = 2.71828 over the previous one.




Active Interconnections
Driven by Cascaded Inverters

IR, R R /e R/e"! R

Optimum value of n is given by

e
ol
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Active Interconnections

Propagation Time vs. Driving Mechanism
for Several Interconnection Lengths

Interconnection Material: Aluminum (p = 3 p0) - cm)

(Interconnection Width = Interconnection Separation =1 pm;
Load = 100 fF; Source Resistance = 700 1))

Propagation Times for the Four Driving Methods
{All Times Are in Nanoseconds)

Interconnection GaAs Minimum Size  Optimum Size  Cascaded
Length MESFET Repeaters Repeaters Drivers

1 mm 0.05 . . 0.24

2 mm 0.08 " . 0.27

5 mm 0.17 2.3 011 0.34

1em 0.33 4.16 0.20 0.46

2em 0.80 T.87 0.29 0.7a

5 cm 3.5 18.98 .54 279
10 cm 15.1 37.51 0.97 11.49

“For interconnection lengths below 2 mm, the method was found unsuitable because
the number of repeaters as given by the equation for » was less than 1.




Active Interconnections
Propagation Time vs. Driving Mechanism
for Several Interconnection Widths

Interconnection Material: Aluminum (p = 3 pf} - cm)

(Interconnection Length = 1 cm; Load = 100 {F;
Source Resistance = 700 (1)

Propagation Times for the Four Driving Methods
{All Times Arc in Nanoseconds)

[nterconnection Gads Minimum Size  Optimum Size  Cascaded

Width MESFET Repeaters Repeaters Drivers
0.1 pm 0.98 kX 0.04 0.85
0.2 pm 0.50 110 0.08 0.52
0.5 pm 0.39 156 0.15 0.38
1.0 pm 033 4.03 0.20 (L4t
20 pm 0.31 4.5 035 0.70
5.0 um 0.25 N ¢ 1.38

10.0 pm 0.27 ! “ 239

“Far interconnection widths above 5.0 pm, the method was found wnsuitable because
the number of repeaters as given by the equation for n was less than 1.

Superconducting Interconnects

The advent of high-critical-temperature
superconductors has opened up the possibil
of realizing high-density and very fast
superconducting interconnections on the Silig
as well as GaAs-based ICs.
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Superconducting Interconnects
Advantages

Propagation time is much smaller as
compared to that on a normal metal
interconnection.

There is virtually no signal dispersion for
frequencies up to several tens of gigahertz.

"EENE wm|

Superconducting Interconnects
Comparison with Normal Metal Interconnects

1ot

Supercanducting Line
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Phase velocities for superconducting and normdhak at 77K
(W =2pm, t, = 0.5um, ty = lpm, t, = lpm)
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Superconducting Interconnects
Comparison with Normal Metal Interconnects

102

Attenuation (dB / cm)

1073 |- Superconducting Line

104

103 1 1 1 1 1
108 107 108 108 1010 1!t qpt2

Frequency (Hz)
Attenuations for superconducting and normal Aluminines
at 7PK
(W =2pm, t, = 0.5um, ty = lpm, t, = lpm)
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Optical Interconnections

As an alternative to electrical interconnections,
optical interconnections have emerged which off
fast, reliable and noise-free data transmission.

So far, they have been used for computer-to-
computer communications and processor-to-
processor interconnects.

Their applicability at lower levels of the
packaging hierarchy such as for module-to-
module connections at the board level, for chip-t

chip connections at the module level and for gate

to-gate connections at the chip level is under
investigation.
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Optical Interconnects
Advantages

Free from any capacitive loading effects.
Do not suffer from crosstalk.

Speed of propagation of a signal determined

by the speed of light and the refractive inde
of the optical transmission medium only.

Do not suffer from electromigration-inducec
failure.

X
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Optical Interconnects
More Advantages

Metallic interconnections have a limitation ¢
the number of pinouts available on a chip.

Optical chip-to-chip interconnections can be

anchored directly to the interior of a chip
rather than to a pin on its perimeter.

Chip-to-chip optical interconnections operat
at much higher speeds allowing the
multiplexing of a large number of I/O signal
in a single 1/O fiber.

)n
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Optical Interconnects
Configurations

Thin-Film Waveguides
Optical Fibers
Free-Space or Holographic
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Optical Interconnects
Free-Space Configurations

Reflective
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Propagation Delays

Definitions

Delay Time

Time required by the output signal (current or
voltage) to reach 50% of its steady state value

Rise Time

Time required by the output signal to rise from 1096
to 90% of its steady state value

Propagation Time

Time required by the output signal to reach 90% of
its steady state value
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A Resistive Interconnection as a
Ladder Network

? ) Ri(n+1) R/{n-+1) R/fn+1)

T-network of a resistive interconnection (fig. a) can
be modeled as an n-stage ladder RC network (fig. b)
under open circuit, short circuit as well as capacitive
loading conditions.

14



A Resistive Interconnect as a Ladder Netwark
Open Circuit Interconnection

Open Circuit
1 2
Analytical (1 - 1.172¢ VARC | ==
s =
z
:_;. 0.5 T-Network ~ > =z .
= Analytical (1 - 4/me™ V4RC )
%
/,” <\ 2 Sections
7 A 5 Sections
a T

0 Dl.5 1
2t/RC

Comparison of output voltage versus time for an open circuited

interconnection obtained by using the equation, obtained by a

numerical simulation of the T-network and those obtained by

numerical simulations of the ladder network with different

number of stages.
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A Resistive Interconnect as a Ladder Netwark
Capacitively Loaded Interconnection

An interconnection line loaded with a
capacitance Cu.

For a wide range of C./C values, a five-
stage ladder network yields sufficient
accuracy.




A Resistive Interconnect as a Ladder Network

Short Circuited Interconnection

Short Circuit

SSeclians\ ///—" ‘i/—-‘

s 2 Sactions
= \T—Nelwurk
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7
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7

7, 2
s~ Analytical (1 - 26T VRC
s

~
P

-

[ T

] C:‘S 1
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Comparison of the plots of the output current versus time for a

short circuited interconnection obtained by using the above

equation, obtained by a numerical simulation of the T-network

and those obtained by numerical simulations of the ladder

network with different number of stages.
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Interconnect Parameters

Parameters of an electrical interconnection: serie
resistance, capacitance and inductance

Series resistance can be rather easily determined
the interconnection material and dimensions

Parasitic capacitances and inductances associats
with the interconnections in the high density
environment of the integrated circuit have becom
the primary factors in the evolution of the verglhi
speed integrated circuit technology

An accurate modeling of the capacitances must

include the contribution of the fringing fields as
well as the shielding effects due to the presemce

e

O

the neighboring conductors
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Approximate Capacitance Formulas

For accurately determining the interconnection
capacitances on the VLSI circuits, two- and thre
dimensional effects must be taken into account.

However, this requires rigorous numerical analy
which can be too time consuming.

Approximate formulas to estimate the interconng
capacitances are sometimes desirable.

A few empirical formulas are suggested by
Sakurai and Tamaru for a few interconnection
structures.

e_

SIS

pCt
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Approximate Capacitance Formulas
Single Line on a Ground Plane

W

T 1

Ground Plane

The capacitancei(er unit length can be estimated from
the approximate formula:

. W T 30222
c, = aox[l.la{ﬁ]+2.8l}(ﬁ] ]

€.« IS the dielectric constant of the insulator sucl$ &3,
for whiche,, = 3.9 x 8.855 x 1&*F/cm.

The relative error of the formula is within 6% for
0.3<(W/H)<30 and 0.3<(T/H)<30.
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Approximate Capacitance Formulas
Two Lines on a Ground Plane

W 5 W
—— m—
T C1o Cia 7 €0 H
Ground Plane
The total capacitance,©f each line per unit
length includes the ground capacitangg&hd
the coupling capacitance {between the lines,

e, G=Cpt Cp

. ] W LT T 0222 g 1.34
Cy = Cy o 003+ 0.3,ﬁ—0.m(ﬁ] ][ﬁ]

The relative error of the formula is less than 1f@%o
0.3<(W/H)<10, 0.3<(T/H)<10 and 0.5<(S/H)<10
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Approximate Capacitance Formulas
Three Lines on a Ground Plane

T
E— - _-—
C 12 C 12 C H
T 0 —|— 20 T 20
Ground Plane

The total capacitance of each line includes thempto
capacitance £0 and the coupling capacitance2®etween
the lines. For example, the total capacitangeiGhe
middle line per unit length is equal t@dz 2Ci2

Cy=C,+ zsox[f}_m% ¥ 0,33%_0,0?(%]“'221%) -
The relative error of the formula is less than 1f0%
0.3<(W/H)<10, 0.3<(T/H)<10 and 0.5<(S/H)<10

18



Approximate Capacitance Formulas
Single Plate with Finite Dimensions on a Ground Plae

W

-
H T (Ip

Ground Plane

The capacitancegbetween the plate and the ground
includes the three-dimensional effects.

. LW N T 0.222 T 0.72%
Cp = B LIS +28(L w;(ﬁ) +4.121—I(ﬁ] ]

The relative error of the formula is within 10% for
0<(W/L)<1, 0.5<(W/H)<40 and 0.4<(T/H)<10
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Simplified Formulas for Interconnect
Capacitances and Inductances on
Silicon and GaAs Substrates

Insulating substrates such as Cr-doped GaAs have
emerged as alternatives to silicon.

This is partially because the interconnections
fabricated on these substrates offer considerably
lower capacitances than those fabricated on silicon

A few simplified formulas for the capacitances and
inductances for interconnections fabricated onghes
substrates are available in the literature.
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Simplified Formulas

Line Capacitances and Inductances

W

Insulating h
Substrate €,

Approximate values of the line capacitance anddtahce:

2MEGE gp .

_ My r8h_ w
L —1n[W ﬁ}

where £_¢ is the effective dielectric constant of the
substrate material given by:

g +1 g —1 hT05
Eopp = rz R [IHUE}
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Simplified Formulas
Line Capacitances and Inductances

For frequencies below 1 GHz:

2MELE
C = 0eff et

In Chufrel 2
[m' 4h:|

( L &
C = ene{li +242-044 2+ (1 - g] } w2t

‘oxX

L_liul [Sh w

% n W+4_h]:'h = o T ls
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Simplified Formulas

Self and Coupling Capacitances

The Maxwellian capacitance matrix for an array of n
conductors referring to a common ground plane:

(NS e
Cy Cap .o Cay
[‘nl ('nz (’nn

Diagonal element Cis the self capacitance of conductor |i.
It is a measure of the capacitance of a single wctod
when all other conductors are grounded.

Diagonal element {Cis a measure of the negative of
mutual capacitance between conductors i and j.
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Simplified Formulas
Maxwellian Capacitance Matrix

For a system of five conductors on oxide passivated
Si with equal line widths equal to 1 micron each apd
equal separations equal to 1 micron each:

Substrate: 1-um Si(), on Si

0.776 —0.043 —0.004 —0.002 0
~0.044 0.760 —0.045 —0.004 —0.001
Cij = |-0.004 —0.045 0.759 —0.045 —0.004| PF/em
~0.001 —0.004 —0.045 0.760 —0.044
0 —0.002 —0.004 —0.044 0.766




Simplified Formulas
Maxwellian Capacitance Matrix

For a system of five conductors on GaAs with
equal line widths equal to 1 micron each and eq
separations equal to 1 micron each:

Substrate: GaAs

1.066 —0.520 —0.154 —0.092 —0.094
~0.520 1.315 —0.454 —0.124 —0.091

Cyj = [-0.155 0454 1.329 —0.454 —0.155| pF/em
~0.091 —0.124 —0.454 1.315 —0.520
~0.094 —0.092 —0.155 ~0.520 1.066

hal
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Simplified Formulas
Inductance Matrix

For a system of five conductors with equal line
widths of 1 micron each and equal separations
of 1 micron each fabricated on either oxide-
passivated silicon or GaAs substrates:

15.126 10.597 9.235 8.429 7.859
10.597 15.086 10.579 9.227 8.429

Lij = 1 9.235 10.579 15.080 10.579 9.235 | nH/cm
8429 9.227 10.579 15.086 10.597
7.859 8.429 9.235 10.597 15.115
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Interconnect Delays

High-speed silicon and GaAs technologies have selie
propagation delays of less than 10 ps per gate.

High electron mobility transistors (HEMTs) and
modulation-doped field effect transistors (MODFETS)
have switching speeds of less than 5 ps.
Propagation delays and crosstalk noise associated w

the signal transmissions on the interconnects have
become the primary factors in limiting the circsjiteed.

In most cases, the interconnection delays on ahi®
account for more than 50% of the total delays.

Comprehensive understanding of the dependence of th

interconnection delays on the various interconnect
parameters is urgently needed for optimum chipgeesi
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MIS Microstrip Line Model of
an Interconnect

.
YT em
£ e

17 INsuLATOR by

£, -
SEMICONDUCTOR

b,

. e
2 = 128

Consider a very high speed IC chip by using a
metal-insulator-semiconductor (MIS) microstrip
line model for the interconnection.

Microstrip line is formed on a surface passivated
semiconductor substrate which in turn is placed
a metallized back.

23



MIS Microstrip Line Model

Interconnects Between Logic Gates

Equivalent Circuit
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Transmission Line Model
Single-Level Interconnections
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Transmission Line Model
Single-Level Interconnects

20
Interconnection Length =1 mm
5 Al
(=5
15
L
=
=
Z o}
—
]
[m]
5 1 1 | 1
0 1.0 1.5 20

0.5
INTERCONNECTION WIDTH (um)

Delay time as a function of the width of the interconnection.
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Transmission Line Model
Single-Level Interconnects

Length = | mm
Width =1.0 um
Lood = 100 fF

LAl (t3=10ps

Poly Si(14=127 ps)

1 1
200 300 400 500
TIME (ps)

1
0 100

Normalized output voltages when the interconnection metal is
aluminum, W Siz or polysilicon.

25



Transmission Line Model

Single-Level Interconnects

Length = | mm

Width =1.0 m
2L Load=Ii0fF Al
1o+
8 os
>
~ 06 0.1 |-Load=I0fF
= 04 0.05\
= Load=I pF
K 0 L
0z 0 05 1.0
Q 1 | 1 i
0 100 200 300 400 500
TIME (ps)

Normalized output voltages for the load capacitances of 10 fF and 1 pF.
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Transmission Line Model

1.0]
g 0.8
~ 06
= 04

02

Single-Level Interconnects

Length =1 mm
Width =1.0 pem

- Without g———
coupling _>—=— (tg=9.5 ps, t, =48 ps)

4

(14=7 ps, 1, =32.5 ps)

L
-
&

5
/

With coupling (First ond second neighbors)

With first neighbor coupling only
(t4=8.8 ps, t,=42ps)

| 1 |

[l
25 50 75 100 125
TIME (ps)

Effect of the coupling of the interconnection with the neighboring lines.
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Crossing Interconnects

Crossing Lines (Embedded)

Vg

T
i

~
w

GaAs

The interconnection lines which run parallel toleather can be studied
by using the transmission line equations.

When the interconnections cross each other, thertrssion line

approximation is no longer valid because, in tlaise; the coupling of the

lines is no longer uniform along the entire lengtlihe interconnection
but is rather localized to the crossing areas.
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Crossing Interconnections
Simulation Results Using “SPBIGV”

One parameter is varied while the others are Kept a
Lengths = 10@um
Widths = 1um
Thickness = 0.5m
Separations = fim
Resistivity = 3uQ cm for Aluminum
Interlevel distance = Am
Substrate thickness = 2@n

Rs=100Q
CL =100 fF
n=16
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Crossing Interconnections
Simulation Results Using “SPBIGV”

Load Voltage (Velts)

Bilevel Crossing Interconnections
1.2 (16 Crossing lines)

Using SPBIGV
Rs=100chms CL=100fF W=IS=l.0um Th=0.5

0.8r

0.6 -

IL = 100um

IL = 500um

+
= L= 200um
=

¥ IL = 1000um

o a0 80 90 120 150
Time (ps)
Load voltage waveforms for several values of thergonnect lengths
in the time range 0-150 ps.
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Crossing Interconnections
Simulation Results Using “SPBIGV”

Delay Time (ps) Rise Time (ps)

| Bilevel Crossing Interconnections
(16 Crossing lines)

Using SPBIGV -

50 - - 50

b

[W=100um Re=100chms IS=1.0um Th=0.5um CL=100fF

—=- Rise Time

|
! —#- Delay Time
|
|
|

g

5
0.1 L
Interconnection Width (Microns)

Dependences of the delay time and rise time on the
interconnection widths in the range 0. 1.
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Crossing Interconnections
Simulation Results Using “SPBIGV”

Load Voltage (Volts)

| Bilevel Crossing Interconneclions
|_3|» {16 Crossing lines)
Using SPBIGV

| IL=100um [W=lS=10um Fs=1000hms CL=100fF Th=0.5um

—— Rho = 3.0 uohm.cm
I -5 Rho = 30.0 uohm.cm
~¥= Rho = 100.0 ushm.cm

0 SU-“ . B0 90 120 150
Tirne (ps)
Load voltage waveforms for several values of theraonnect
material resistivity in the range 0-150 ps..
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Crossing Interconnections
Simulation Results Using “SPBIGV”

Lead Valtage (Volts)
147

Bilevel Crossing Interconnections
(16 Crossing Lines)

(38 Using SPBIGV
Ilr\ IL=100um IW=IS=1.0um CL=100(F Th=0.5

o aon G0 50 120 140
Time (ps)

Load voltage waveforms for several values of souesestance.
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Crossing Interconnections
Simulation Results Using “SPBIGV”

Load Voltage (Volts)

1
Bilevel Crossing Interconnections |

12k (18 Crossing lines) |
| Using SPBIGV
|_ IL=100um Es=100chms IW=IS=1.0um Th=0.5um
1

CL = 10fF
CL= 30fF
CL = 100 fF
CL = 500 fF
€L = 1000 IF

EEEEN

60 a0 120 150
Time (ps)

Load voltage waveforms for several values of ttae lcapacitance.
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Crossing Interconnections
Simulation Results Using “SPBIGV”

Load Voltage (Volts)

Bilevel Crossing Interconnections ‘
(16 Crossing Lines)
Using SPBIGV

IL=100um R==100shms [W=IS=1.0um Th=0Sum CL=100(F

L2

tr
| e
0.8+ )//,":)(
/
g
0.8+ v 74
P CASE I Without Coupling |
xﬁ’/_ CASE 11 : Parallel Lines Only (Single Level)
LB v CASE TNl : Parallel and Crossing Lines
A
i s
0.z L ﬁ'} CASE I
| = case 1t
/s -E- case m
0 | 1
a ] 20 30 10 50
Time {ps)

Relative effects of coupling of the driven internection with its neighbors
on the top plane and with the crossing lines irséiond level.
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Crossing Interconnections
Simulation Results Using “SPBIGV”

Delay Time (ps) Rise Time (ps) i

L
| .
i_ Bilevel Crossing Interconnections

Using SPEIGY

]

[L=100wm CL=100fF Re=100chms 1W=(5=1,0um Th=0.5um

=¥ Delay Time

1

I PPN
10 100
Number of Crossing Lines

|
L
|
! —=- Rise Time
L
1

Dependences of the delay time and the rise tinth@number of
crossing lines in the range 1-80.
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Crosstalk

Crosstalk means the signal induced in the
neighboring interconnects because of coupling
capacitances and inductances.

The crosstalk among the interconnections in sing
as well as multilevel configurations has become &
major problem in the development of the next-
generation high-speed integrated circuits.

It is important to find methods of reducing this
crosstalk.

le
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Crosstalk Analysis
Lumped Capacitance Approximation

In the lumped capacitance model of two intercorsg

coupled by the capacitance shown above, crosstalk

voltage is defined as the voltage(y induced across
the load C on the second interconnection.

ct

7
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Crosstalk Analysis
Lumped Capacitance Approximation

Amplitude of the crosstalk voltage at time t is
given by:

. %[9[:‘]]_9[:‘3)]

1, = R(C+C))

1, = R2C +C+C))
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Crosstalk Analysis
Lumped Capacitance Approximation

Maximum value of the crosstalk voltage is
given by:

Lumped Capacitance Approximation

v
=
(%]

T

o
=

3 03 ST T . 2:3mm
i .
a ctmm
3 o/ A s
I H T T {rvr
g onf ST
S . /
1] 1 L3 ]
a 05 10
i . . COUPLING COEFFICIENT n '
L 1
L] 100 200

400 500
TIME (psec.)

Dependences of the crosstalk voltageoy time in the range
0-500 ps for interconnections of widths and sepanagqual
to 2um, and lengths of 1 mm and 3 mm.

This figure also shows the dependence of the maxicnosstalk
voltage on the coupling coefficient im the range 0-1.
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Lumped Capacitance Approximation

It can be shown that the "lumped capacitance'
approximation is applicable to interconnections
which are at least a few millimeters long

and
The circuit rise time is above 200-300 ps
and

That it becomes inadequate in high-speed circuits.
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Coupled Multiconductor MIS Model
Crosstalk Reduction

For reliable operation of very high-speed
very large scale integrated circuits with
sufficient noise margins, it is very
important to consider methods of
reducing crosstalk.
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Coupled Multiconductor MIS Model

Numerical Simulations

Vomax (V)

05

a=2um by =pm, Vg =1V

ba = 10 um

b = O pm

1
S —

Vg z
L

Va2 000

10

Spacing, s (um)

Dependence of the crosstalk coupling coefficiensacing for several
values of the substrate thickness.

One method of reducing crosstalk is to reduce tbstsate thickness.

However, this method will be effective only if teabstrate thickness is
reduced below 1Qm.

NN EOEE e ey E ) EUEE e e

Coupled Multiconductor MIS Model

Numerical Simulations
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Crosstalk voltages for two systems of five intergections with and without

the shielding ground lines between the intercormect
Crosstalk can also be reduced by providing shiglditound lines adjacent
to the active interconnections.
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Single Level Parallel Interconnects

GaAs

Crround Plane
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Single Level Parallel Interconnects
Simulation Results
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SINGLE—LEVEL INTERCONNECTIONS
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Time (ps)

Crosstalk voltage waveforms for several interconfesgths
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Single Level Parallel Interconnects
Simulation Results

SINGLE-LEVEL INTERCONNECTIONS

Maximum Crosstalk Voltage (V)

20 ) 1000
Inferconnection Length, L(m)

Dependence of the maximum crosstalk voltage on the
interconnection length.
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Single Level Parallel Interconnects
Simulation Results
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Crosstalk voltage waveforms for several intercohmadths.
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Single Level Parallel Interconnects
Simulation Results
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Crosstalk voltage waveforms for several intercohseparationg.
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Single Level Parallel Interconnects
Simulation Results
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Single Level Parallel Interconnects
Simulation Results

0.18
SINGLE—LEVEL INTERCONNECTIONS
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Interconnection Resistivity, p(uQ.crr)

Dependences of the maximum crosstalk voltage on the
interconnect material resistivity.
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Single Level Parallel Interconnects
Simulation Results

SINGLE-LEVEL INTERCONNECTIONS
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Q.15 4

Maximum Crosstalk Voltage (V)
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5 10 100 1000
Load Capacitance, C( (fF)

Dependences of the maximum crosstalk voltage on the
load capacitance.
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Single Level Parallel Interconnects
Simulation Results

0.15

SINGLE-LEVEL INTERCONNECTIONS
/N

0.10 4
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Crosstalk Voltage (V)

0.00
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r r
1] 50 100 150 200
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Effect of increasing the number of lines from 3to
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Single Level Parallel Interconnects
Simulation Results

FIVE SINGLE-LEVEL INTERCONNECTIONS
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Crosstalk voltages at the loads of the first- and
second-neighbor interconnections.
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Bilevel and Trilevel Parallel Interconnects

GaAs

Ground Planes
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Bilevel and Trilevel Parallel Interconnects
Simulation Results

042

BI-LEVEL INTERCONMECTIONS
-~ N\

0.08 4 |

0.06 1

0.04

Crosstalk Voltage (V)

0.02

0.00

-0.02

- ' -
0 50 100 150 200
Time (ps)

Crosstalk voltage waveforms at the loads of tha, fiourth and fifth
interconnects for the bilevel interconnection couafajion with Ti2= 2 um.




Bilevel and Trilevel Parallel Interconnects
Simulation Results

Crosstalk voltages on the first-
neighbor interconnects in the bilevel
configuration are almost half of those

in the single-level configuration.
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Bilevel and Trilevel Parallel Interconnects
Simulation Results

0.10

TRI-LEVEL INTERCONNECTIONS

0.08

0.06

Crosstalk Voltage W)

0.02

—-0.02

0 s0 100 150 200
Time (ps)

Crosstalk waveforms at the loads of the first, fliownd sixth interconnects
for the trilevel interconnection configuration with2= T23= 2 um.
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Bilevel Crossing Interconnects
Simulation Results

Crosstalk in the embedded crossing interconneg

due to a driven interconnect printed on top of th
GaAs substrate can be simulated by the compuf
program SPBIGV.

In the following results, unless otherwise spedifie
Number of crossing lines is 25
Crosstalk plots are for the ttficrossing interconnection.
The frequency of the input square wave train iHz G

D

er

I8 LT

Bilevel Crossing Interconnects
Simulation Results

0.08 Crossing lines

# of crossing lines

Crosstalk voltage (V)

T T T 1
0 20 40 60 80D 100
Time (ps)

Crosstalk voltage waveforms for several values g
the number of crossing lines.
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Bilevel Crossing Interconnects
Simulation Results

0.19 Crossing lines

Maximum crosstalk voltage (V)

0.01

8 10 70
Number of crossing lines

Dependence of the maximum crosstalk voltage of
the number of crossing lines.

—4
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Bilevel Crossing Interconnects
Simulation Results

0.10 ‘ Twenty five crossing lines

Frequency (GHz)
1
100
0.05 4 1000 0

Crosstalk voltage (V)

0.00=

|
-0.05+
1}

T T 1
25 50 75 100
Time (ps)

Crosstalk voltage waveforms for several
frequencies of the input square wave train.
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Electromigration

"Electromigration” refers to mass transpor
in metals under high stress conditions su¢

as high current densities and high
temperatures.

This presents a key problem in VLSI circy
by causing open-circuit and short circuit
failures in the VLSI interconnects.
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Void Formation

its
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Hillock Formation
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Problems caused by Electromigration
Joule Heating

As the chip size decreases, heat distribution
becomes a serious problem.

For a metal wire that can afford a certain current
density rate of about 38/m?-s before melting,

joule heat generated by current density in the
interconnection line exceeding half of this limit
must be completely removed through the substrate
and/or some passivation layer.

Cooling rate has to be faster than the heating rate
due to the current density.
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Problems caused by Electromigration
Current Crowding

It refers to uneven distribution of currents
along the metallization lines especially in
metals with structural inhomogeneities.

It can cause the atoms in the metallization
lines to migrate with different velocities
resulting in the formation of voids that can
cause open circuit failure.
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Electromigration
Mechanism

Formation of -
®| Hillocks and Whiskers |

Stress-Related
¥ Force

| Formation of Voids

[

¥

ner in Increase in
cal Temperature Current Density

T—- Joule Heat Increases Lg
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Electromigration
Median Time to Failure (MTF)

E
T — =hn |
MIF=A exp(k—T)

E, = Activation energy
J = Current density
T = Temperature in degrees Kelvin

A = Constant depending on geometry and matefial

k = Boltzmann’s constant
n = Constant ranging from 1 to 7
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Electromigration
Factors

Current density is the key factor that contributes
electromigration. MTF decreases as the current
density increases.

Electromigration occurs in the direction from hig
temperature to low temperature and thermal
gradients can induce a thermal force that enhan
further mass transport in the metallizations.

Line temperature is an important factor in the

electromigration process. MTF decreases with the

increase in the line temperature.

-

CES
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Electromigration
Factors

A longer line result in a shorter lifetime as
compared to a shorter line.

Interconnection metallizations having high
activation energy are desirable because they leg
to enhanced stability.

Material structure also affects the electromigratic
lifetime in many ways. Known aspects include

grain orientation, grain size and grain boundariep.

An ideal metallization line is the one with uniforn
grain size and regular grain orientation.

1d
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Electromigration Testing
Resistance Measurement

In general, when an open-circuit failure occurs,
the resistance goes up, whereas when a short-
circuit failure occurs, the resistance goes down.

Therefore, by measuring the resistance one can
check whether electromigration has taken place

A standard method of evaluating VLSI
interconnects using this approach is called
“accelerated testing” in which high current densi
and high temperature are applied to the
metallizations.
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Electromigration Reduction
Using a Passivation Layer

Passivation:Overcoating the substrate to prevent
the formation of vacancies needed for diffusion

and to presumably fill up the broken bonds on the

surface of the metallization.

With the addition of a passivation layer, the joule
heat can be dissipated more easily.

Materials mostly used are oxides and dielectric
layers like SiO, Al203-SiO2 and P205-Si0O2 .

This technique has proven to be effective in
improving electromigration lifetimes.
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Electromigration Reduction
Using Gold Metallizations

Interconnect system has a much better MTF than

using the aluminum films.

The key reason for this is that gold has a very hig

activation energy.

Because of its inert nature, adhesion of gold ¢o th
insulating layer by chemical bonding is extremely

difficult.
Therefore, gold is used in a multilayer system

where more than one layer of metallization is usgd

to adhere to the insulator as well as to gold.
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Electromigration Reduction
Alloying of Metallization

The addition of correct type and concentration o
alloys has also been shown to improve the
electromigration lifetime.

For example, addition of Ti-Si to Al increases the

lifetime by more than an order of magnitude
whereas the addition of Cr-Si does not show an)
noticeable improvement.

Addition of 0.4% Cu to Al with or without the
addition of Si results in better electromigration
lifetimes than pure Al.

174
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Electromigration Reduction
Deposition Techniques

It has been shown that the MTF of a VLSI
system has a close relationship with the
employed deposition technique.

For example, it is found that the MTF is
smaller for the sputtered film technique thé
the e-beam deposition technique.

1N
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Electromigration
Bath Tub Curve
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Reliability Models

Series Model - Assumptions

A series model for calculating the reliability of a
integrated circuit due to wear-out is based on thg
following assumptions:

a) An integrated circuit consists of several basic
elements with known failure distributions;

b) The states of the various elements with respe
to their being functional or failed are mutually
statistically independent; and

c) Failure of any one element of the system caus
the IC to fall

\U

ct
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Failure Analysis of
Interconnection Components

An interconnection line on an IC chip can
consist of several components such as straighf
segments, bends, steps, plugs and vias.

There are also power and ground buses servin
several logic gates on the chip.

It is important to study the dependence of
electromigration-induced failure of each
interconnection component on the component
parameters.
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The Program “EMVIC”

EMVIC is an interactive program that can be
used to determine the MTF for a straight
segment and the values of MTF for the other

interconnect components.
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Failure Analysis
Straight Segment

—= 1
L

For a basic conductor element of length 10 m, the median-time-to-failure
(MTF) is given by:

10740.74 E
1523_( W1 <]”(W—_z.mr— ”'(’3) nxp( "‘]
[ 10 W7 T
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10740.74 E
1523_( Ll J”(w 3,07+ “‘3] nxp(ia)
I 10° W Tx

| is the current in mA
n is the current density exponent

E, is the activation energy of the interconnect
material in eV

Ty is the temperature K
W is the interconnection width pom, and
T is the interconnection thicknesspm.
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Failure Analysis
Bend

W
By /vl
— |

The additional area in the bend (shown shaded
IS equivalent to a straight segment of length an

width given by:
~ mWI[(180 - )|
Ls 360

w[IJ@]

Vs W+Lg

| —

NI R e ey WE ) EDEE e e

As a first approximation, the MTF of a series
combination of N elements (MTJcan be
found by using the expression:

11 1 |
MTF, MTF, MTF, =~ " MTFy
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Interconnect Component
Step
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Interconnect Component
Power/Ground Bus

Power Bus

—
=
[

Z

Ground Bus
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Interconnect Component
Power/Ground Bus

Power Bus

Ground Bus

As shown above, a power or ground bus servif
N gates on the IC chip can be modeled as &
series combination of N straight segments

carrying currents equal to I, 21, 3l,.....,NI where

| is the current in each gate.

19
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