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PREFACE

This book contains the contributions of the speakers who attended the NATO
Advanced Research Workshop on "Physical and Technical Problems of SOI Structures and
Devices", which was held in the Central Military Sanatorium of Gurzuf, near Yalta, In
Crimea, Ukraine, on November 1-4, 1994.

For over 10 years, scientists of the West and from the East have been working on
Silicon-on-Insulator (SOI) technologies. But USSR scientists were publishing in Russian,
and virtually no SOI scientist in the West can read that language. Beside the language
barrier, security matters were sometimes preventing USSR scientists from publishing their
work in western journals. But a third and unfortunately very high barrier has now arisen: the
economical barrier. In Gurzuf, the participants from NATO countries have had the chance to
meet excellent scientists with remarkable ideas and achievements, but the economic
situation is such that Former Soviet Union (FSU) scientists have now very reduced means
for research and, of course, for travelling abroad. This is why it was decided to hold the
Workshop on their ground.

One of the goals of this Workshop was to break as much as possible the barriers
between NATO and FSU researchers. This goal was fully met since many friendly personal
contacts and concrete proposals for assistance or collaboration arose during the week of the
Workshop.

Another goal of the Workshop was of course to exchange information, experience
and visions about Silicon-on-Insulator technology. It is now well admitted that SOI devices
offer unique advantages in fields such as of radiation hardness, high-temperature operation,
sensors, VLSI and low-power, low-voltage integrated circuits. The problems associated with
SOI structures and devices are, however, generally less publicized. These problems are, of
course common to NATO and FSU scientists, but unique ways to address and solve them
have been devised on both sides. Hence the interest of our meeting in Gurzuf, where all
major SOI technologies being developed in Eastern and Western countries were represented,
namely the Separation by IMplanted OXygen (SIMOX), wafer bonding, zone melting
recrystallization (ZMR); oxidation of porous silicon (FIPOS), and low-temperature
recrystallization of poly-Si on glass. Various designs of SOI devices and techniques for
characterization of SOI systems were discussed as well. .

All the participants to the Workshop want to express their gratitude to the NATO
ARW - International Scientific Exchange Programme, which has made the meeting
possible, as well as to local support from the State Committee of Ukraine for Science and
Technology, the State Innovation Fund of Ukraine, the Crimean Branch of the State
Innovation Fund of Ukraine, the National Academy of Sciences of Ukraine, the Institute of
Semiconductor Physics and from Kvazar-IPAN. Our acknowledgements also go to G.
Naumovetz, our interpreter and to V.Kilchitskaya, S.Djurenko, M. Lokshin, A. Yurchenko,
Yu. Tkachev and I. Barchuk for clerical and organizational help, and to V. Scheuren for her
help in organizing this book.

Jean-Pierre Colinge Alexei N. Nazarov
Louvain-la-Neuve, Belgium Vladimir S. Lysenko
Kiev, Ukraine
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Low dose SIMOX for ULSI applications

A.J.Auberton-Hervé(1) B. Aspar(2),J.L.Pelloie(2)

(1) SOITEC SA 15 Av des Martyrs, 38054 Grenoble Cedex 9

(2) LETI (CEA Technologies Avancées) DMEL CEN/G 17 Av des Martyr, 38054
Grenoble cedex 9

Introduction:

The most recent developments in SOI material using the SIMOX technique concern the
oxyden dose reduction. As the material cost is the key of the SOI developments the use
of lower oxygen dose and therefore the implantation time reduction is one of the
parameters in the cost reduction. A very unique process window has been found around
a dose 5x lower (4 1017 O*/cm2) than the standard oxygen dose (1,8 1018 Ot/cm?2) of
the SIMOX process. Around this dose a continuous SiO7 film can be formed with a
single implantation and the obtained Buried OXide thickness of the Silicon On Insulator
structure is of 80nm to be compared with 400nm in case of standard SIMOX.

The material specification in case of the "low dose" process are not yet at the same
performances than the standard SIMOX. We will discuss the parameters which need to
be improved and the road map for the SOI development. But one question has to be
answered : is such a thickness adapted to the ULSI developments ?

_The SOI material developments:

O+ O+ O+ O+ O+ O+ O+ O+ O+ O+ O+ O+ O+

IR 12

silicon silicon
BEENSGT >
L T
silicon
O&g_en Implantation step Apnealing step 1320°C 6 hours

Fig.l Schematic of the SIMOX technology

Two main technologies are competing today for the SOI wafer market. The SIMOX
technology (Fig.1) and the Bonding technology (Fig.2). The SIMOX technology uses
two key processes: an oxygen implantation step using a dedicated machine (100mA,

3
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200keV of O+ ions) to locate underneath the initial silicon surface a high concentration
of oxygen, and a high temperature anneal to regenerate the crystalline quality of the
silicon layer remaining over the oxide; this anneal also drives the chemical reaction
which forms the stochiometric oxide buried in the silicon wafer.

Just as SIMOX is best suited for thin film applications, bonding is an inexpensive
technique for manufacturing thick film of both oxide and silicon. Starting from two
silicon wafers, at least one with an oxide layer on top, these two wafers are bonded
together using Van der Walls forces. Subsequent annealing increases the mechanical
strength of the bonded interface by the chemical reaction which can occur at this
interface. Then one of the substrates is thinned down to Ipm starting from several
100pm; mechanical grinding and polishing can achieve SOI films of 1ium within 10 to
20% uniformity.

<L ETcH sTOP
- LAYER Silicon
Silicon
1.ETCH STOP PROCESS ON WAFER 1 2, OXIDATION ON WAFER 2
Silicon
Silicon Silicon
3. BONDING OF WAFER 1AND 2 4. ETCH BACK OF WAFER 1

Fig.2 Schematic of the Bonded and Etched back technology BESOL

However, to compete in the thin film market such a technique cannot be used. New
techniques have been developed, most of them using a chemical etch stop technique
(Fig.2) to achieve good uniformity. Several etch stops have been reported: boron doped
layer, silicon germanium, carbon implanted, porous silicon. However, only a few are
compatible with high temperature treatment and the Si/SiO2 bonded interface could be
either the upper one or the buried one depending on the etch stop technique. The
uniformity depends on the selectivity of the last etching step which varies from 10 to

105 depending on the etch stop.
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An original technique has been developed using a localized plasma etch. Starting from a
non-uniform wafer, an accurate measurement of the top silicon film is performed; then
a localised plasma etch is used to reduce the variation of the topography [1].

The crystalline quality of SIMOX and Bonding films are reported to be in the same
range for thin film products.{2]. The main limitations are the implantation induced
defects in the SIMOX technology and the nanovoids for the bonding. The defect density
has been drastically reduced in the SIMOX technology; the same learning curve is
expected from the wafer bonding technique.

The SOI material market is mainly segmented by the two main parameters of a SOI
wafer : the top silicon film thickness and the buried oxide film thickness. We have
summarized in Fig.3 the different markets where SOI has already been used and the
associated thickness requirements. The most advanced products will require the thinnest
films of both silicon and oxide.As the main market potential is for ULSI applications,
the main material requirements will come from this market.

bipolar
- conventional CMQ
toelectonic

g >5000 ve guide 1.3um
']

]

@

c

= 3000 H/ Kbit SRAM

s

E

i 2000

c

8
5 1500

applications

1000 Sensors
500
> 1
1 ¥ 1 ] > 1
1000 3000 4000 5000 >5000
BOX Thickness (A)

Fig.3 SOI material segmentation versus the SOI film thicknesses.
ULSI developments using SOI.

As the power consumption is = C*V2*f4 V*Ileak (C total capacitance, V the supply
voltage, f the frequency, Ileak the standby current), the supply voltage must be reduced
to form low power IC's. The target (Sematech road map) is to reach 0,9V using a single
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battery, by the end of the century. However, at such a low voltage, performance is also
reduced due to a lower transistor drivability.

SOI provides many advantages :

- by reducing the junction capacitance thereby inducing a reduction of the total
capacitance by 15% to 30% depending on the circuits design;

- by increasing the switching behaviour of the MOS devices (sharper subthreshold
slope), allowing a shrink of the threshold voltage thus increasing the current drivability
at low voltage;

- by reducing the junction area at least by two decades, which also decreases the
leakage current;

- by lowering the threshold voltage temperature sensitivity.

The main SOI advantage for low voltage, low power, logic circuits arises from the
junction capacitance reduction[3]. We have plotted in Fig.4 the different values of the
junction capacitance versus the drain voltage. The comparison with standard bulk

technology is performed for a substrate doping under the junction of 1017/cm? | which
is optimistic for ULSI devices. The gain by using SOI is between 5X to 10X. Two
conditions are plotted for the buried oxide thickness as 400nm and 80nm. These
thicknesses correspond to the two main SIMOX products. The use of a low-doping
substrate P-type (resistivity 14-22 Q.cm) lowers the sensitivity to the BOX thickness
reduction due to a depletion region occurring in the substrate. The low dose SIMOX
keeps some advantage on the junction capacitance reduction. However, the PMOS drain
capacitance is degraded compared to standard SIMOX mainly, at low voltages.

1,00E-07 -

N —— [prain capacitance (bulk CMOS)
= ——— NB=1E17 / cm3
~N 9 ——— e e b
£ ] ———— e
o Ol P+ Drain on P substrate
1 NB substrate=1E15/cm3
i
(5]
E LOW DOSE PRgCESS
BOX=800.
= 1,00E-08
(&)
<
o
<
o SOI N+ Drain on P substral STANDARD DOSE PROCESS
g NB substrate=1E15/cm3 BOX=4000A
(=]
1,00E-°9 P S S S T S S S VS S VO S S WO S VA S T S T
0 1 2 3 4 5

DRAIN VOLTAGE (V)

Fig.4 Comparison of drain junction capacitance for standard CMOS on silicon , on standard SIMOX and on
“Low dose" SIMOX.
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The low power market will also include memories; SRAMs as well as DRAMs have
been fabricated using SOI technology. The SOI structure for DRAM provides a better
soft error immunity and allows a reduction of the cell capacitor area. More than 5X
reduction of the cell capacitor seems possible as reported by MITSUBISHI [4] and data
retention is 6X better on SOI as reported by NEC[5]. The operating voltage range is
also wider on SOI DRAM[4]. This could allow reduction of the supply voltage below
1,5V without loosing noise margin or performance.

Most of the recent DRAM developments are using a SOI structure obtained by oxygen

implantation (SIMOX) [4] [5].] One unique approach is performed by SONY: the SOI-
DRAM capacitor is buried under the SOI layer using a bonding technique[6] Fig.5).

flip

Stacked capacitor polishing
8gosus Eit e

R 7777, R 777 W

BO,

Si

I 7

wafer

Fig.5 Use of wafer bonding technology to transfer already processed devices. Application to DRAM [6]

Regardless of the SOI technique, the top silicon film thickness used is in the range of
100nm. Such a thin film favours the soft error reduction and the decrease of leakage
current. Both the collection area for o-particles and the leakage current are directly
proportional to the junction area. The use of thin film SOI reduces this area by at least
one decade .

Therefore, SOI-DRAM exhibit very attractive technical performances. However, in
DRAM applications, the most important issue is definitely the cost.

Two parameters have to be balanced: the initial SOI wafer cost Fig.6 and the reduced
process cost obtained by using SOIL The answer on this second point was already
addressed: "Mitsubishi Electric ... expects 256Mbit and 1Gbit SOI substrate DRAMs
would require 40%-50% less cost to produce compared to conventional silicon-
substrate comparable DRAMs" {7].
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The choice of the buried oxide thickness will be defined by the cost aspect but also by
the choice of the SOI device best suited to the ULSI applications.

Two different kinds of devices are currently investigated : partially-depleted devices,
using a thin silicon film (>1000A)[9] and fully-depleted devices, using a very thin
silicon film (<1000A)[10]. The advantages and the drawbacks of these different devices
will be discussed in the following sections. The choice of the device determines the SOI
material specification.
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Fig.6 Price and volume forecast for SOI wafers [8]
Partially depleted devices or fully depleted devices?

Partially-depleted devices have been used mainly for space and military applications.
Due to the requirements of these specific applications and to minimize the floating-
body effect, body ties have been introduced in the device layout leading to a loss in the
integration density. For low-voltage applications, the body ties are no longer necessary.
On the contrary, the floating-body effect is now considered to be an advantage due to
the consequent reduction of the threshold voltage and the subthreshold swing. A first
way to design partially-depleted devices is similar to the bulk approach, creating very
shallow junctions combined with a halo structure [11]. The source-drain capacitance
reduction is still preserved as the shallow junction is only formed below the spacer;
thus, the speed advantage of SOI technologies is ensured.

In a partially-depleted SOI MOSFET, one can find the combination of two parallel
devices : the main front transistor and the parasitic back transistor formed by the buried
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oxide (BOX) and the underlying substrate. When optimizing a 0.2 um gate length
device, both front and back transistors have to be controlled. Using a thin gate oxide (50
A) greatly contributes to the reduction of the short channel effect in the front transistor.
As the back transistor gate oxide is the buried oxide, a strong drain induced barrier
lowering (DIBL) effect affects the behavior of the device. This is due to the low vertical
electric field at the back interface arising from the BOX thickness (usually more than
800 A for a SOI wafer). Technological solutions must be found to design this parasitic
0.2 um gate length device with a thick gate buried oxide to avoid any leakage current
due to punchthrough between source and drain and the additional component due to
floating-body effect.

SOI devices exhibit a self-heating effect due to low thermal conduction of the buried
oxide and resulting in a negative resistance effect which shows up on the Id(Vd)
characteristic, This effect can be minimized by using a thin buried oxide, thus
decreasing the bottom thermal resistance. A further advantage is the reduction of short
channel effect for the back transistor. However, the back threshold voltage is reduced if
the doping level at the back interface is not increased. This, in combination with the
floating-body effect, can lead to a worst case behavior.

The behavior of the back transistor is strongly influenced by the presence of charges at
the back interface. If a low doping level is enough to insure a low leakage current
without any charge in the buried oxide, this is no longer the case when charges are
taken into account; a high doping level at the back interface needs to be achieved in this
latter case. Charges in the buried oxide can be present in the starting material or
generated during the process.

Sub-0.25 um SOI technologies making use of partially-depleted devices will offer the
advantage of simple process integration by reducing the number of technological steps
compared with bulk technologies. Nevertheless, the PMOSFET device will require for a
P+ gate process which can be considered as the critical point identical to bulk devices.

SOI devices are fully-depleted when the depletion depth below the gate is more than the
silicon film thickness. Several kinds of devices can be defined depending on the body
type. Enhancement-mode devices are achieved when the body type is opposite in
polarity to the source-drain type : NMOSFET with P-type body and N+ drain,
PMOSFET with N-type body and P+ drain. Devices are operating in accumulation-
mode when the body type is identical to the source-drain type : NMOSFET with N-type
body and N+ drain, PMOSFET with P-type body and P+ drain [12]. In order to avoid a
low off-current matched to a suitable threshold voltage, the body-type must be correctly
adapted to the gate type. Four different devices can then be used : enhancement-mode
NMOSFET and PMOSFET with N+ and P+ gate respectively, accumulation-mode
NMOSFET and PMOSFET with P+ and N+ gate respectively. Other possible
combinations of the gate and body types generally show poor electrical characteristics.

Fully-depleted devices exhibit a different electrical behavior from partially-depleted
devices. The threshold voltage varies with the back gate bias for enhancement-mode
and accumulation-mode devices due to the coupling effect between the front and the
back gates when the silicon film is fully depleted. This variation does not occur in
partially-depleted devices where the depletion depth is less than the silicon film
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thickness. As a result of the coupling effect, the threshold voltage of fully-depleted
devices becomes a function of the silicon and buried oxide thicknesses; accurate
analytical models of the threshold voltage for long-channel devices have been
developed for both kinds of devices [13,14].

Two-dimensional numerical simulations show that a very thin silicon layer (about 300
A) is needed to achieve a good design for fully-depleted devices and control of two-
dimensional effects (punchthrough, short channel effect). A 0.5 V threshold voltage

target is reached in such thin silicon film with a high doping level (8x1017 cm'3) for
enhancement-mode devices. When the impact ionization mechanism is taken into
account, the behavior of the fully-depleted transistor is found to be similar to a partially-
depleted transistor. Although the threshold voltage varies with the back gate bias,
indicating the fully-depleted nature of the device at low drain voltage, the generated
holes due to impact ionization at high drain voltage are accumulated near the source
side. Thus, impact ionization is also responsible for an increase of the current in the
subthreshold range for the accumulation-mode device.

650
585 —
Partially depleted  ,,
Tsi=1000A Na=s 10 cm
5201 —
- 455 —
g
2 90—
é 3251
T
R 195 — Fully depleted v s
Tsi=3004 Na=83 10 cm
130
65
[ TR T N I O

0 05 1 15 2 25 3 35 4 45
DRAIN VOLTAGE (V)

Fig.7 Enhancement mode NMOS Transistor. Comparison of partially and fully depleted SOI MOSFET.
Lg=0.2um, Gate oxide=50A, BOX=4000A (Simulation results obtained with FIELDAY using impact
ionization)

Long-channel fully-depleted devices exhibit low subthreshold slope close to the ideal
value of 60 mV/decade at room temperature. However, two-dimensional effects lead to



11

a degradation of the slope 65 mV/decade for enhancement-mode devices and 76
mV/decade for accumulation-mode devices (0.2 pm gate length). Let us point out that
the accumulation-mode device is more sensitive to two-dimensional effects than the
enhancement-mode device, since in this case, the barrier height between source and
body is reduced as these two regions have the same type (N-type body and N+ source
for NMOSFET). The lower subthreshold slope allows devices to be designed with a
lower threshold voltage without degrading the off-current. Although a kink effect still
exists for enhancement-mode fully-depleted devices, this effect is strongly reduced
compared with partially-depleted devices (Fig. 7).

From a circuit point of view, fully-depleted devices are generally preferred to partially-
depleted devices for low voltage applications, different combinations of devices can be
used depending on the desired function; for instance, accumulation-mode devices are
more convenient for analog parts because they eliminate any undesirable floating-body
effects. From a technological point of view, fully-depleted devices have several
advantages : a simple N+ gate process can be conserved by mixing an enhancement-
mode NMOSFET with an accumulation-mode PMOSFET; a simple lateral isolation can
be implemented due to the very thin silicon layer used.

However, fully-depleted SOI technologies will emerge if the technological key points
are overcome. As the threshold voltage depends on the silicon thickness, one must
guarantee a good uniformity of a 300 A silicon film (¥20%); a high series resistance
due to the very thin source-drain regions must, therefore, be reduced using a selective
silicon epitaxy or a selective deposition thus decreasing the corresponding sheet
resistance.[15]

The self-heating effect is more pronounced in fully-depleted structures due to the
thinner silicon film; a thinner buried oxide will, therefore, be necessary to minimize it.
The limitation for thinning the buried oxide is imposed by the variation of the threshold
voltage with the back gate bias, equivalent to a variation of the source potential which is
found, for instance, in a NAND gate. For a very thin buried oxide the variation of the
back gate bias can be such that the fully-depleted device operates in a partially-depleted
way with an accumulation layer created at the back interface. The buried oxide
thickness will probably be limited to about 800A for a 2 V supply voltage.

In case of enhancement-mode device, future use of mid-gap gate materials will make
fully-depleted devices less sensitive to the variation of the silicon thickness as a lower
doping level is required to fix the threshold voltage. This threshold is therefore
essentially determined by the work function difference between the gate and the
transistor channel.

What is the impact of the device choice on the material characteristics? Fully depleted
devices require both a reduction of the silicon film and of the buried oxide. For the
partially depleted devices, both the top silicon layer and the buried oxide will remain
thicker.

A consensus to use partially depleted as a first step towards SOI development has been
reached mainly due to the process complexity of fully depleted devices. A possible road
map is the following:
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SOI MATERIAL ROAD MAP
1995 1998
Design rule 0,35um 0,2um
Device type Partially Fully
depleted depleted
Wafer size 150mm-200mm 200mm
SOI thickness 100 nm 50 nm
SOI uniformity 10 nm 5 nm
BOX thickness 400 nm 80nm
BOX uniformity 20nm 4 nm
Dislocations density <10 3 fem? <100/cm?
Pipes density <02 /cm? <0,2 /em?
Roughness 3A 2A
(max-min 20A) (max-min 103)
Metal contamination <10 1 fem? <510 "V/em

Low dose SIMOX as a long term solution for ULSI:

The so called "low dose" SIMOX seems best suited for the ULSI market as it offers
two advantages :

- from the material side, the oxygen implantation dose is reduced from 1,8
10180*/cm? (standard SIMOX) to 4 10170+/cm2 . The cost of oxygen implantation
decreases in the same ratio and the top silicon quality is improved,

- from the device side, the Buried OXide (BOX) thickness reduction improves
both heat dissipation and the short channel effects.

The "low dose" SIMOX is obtained at a specific dose window around 4 1017/cm?2 [16].
With a single implantation and a 6 hour anneal at 1320°C, a continuous BOX of 80nm
thick is formed. Fig.8 shows the structure of the buried oxide versus the dose around
the process window for an energy of 120keV [17]. The choice of the implantation
energy is a critical parameter. At 190kev, which is the standard SIMOX energy, some
Si0O2 islands exist in the top silicon film Fig.9. As the peak of defects and the peak of
oXygen Imean range are separate, two sites of precipitation can occur. A reduction of the
implantation energy down to 120kev is sufficient to merge the two sites of precipitation.

The dose reduction induces a better top silicon quality. The dislocation deﬁsity obtained
is of 300/cm? .

Electrical characterization demonstrates a reduction of the breakdown field of the BOX
for large capacitors. This can be attributed to small silicon island inclusions inside the
BOX as shown in Fig.10. However, the breakdown voltage is over 20V for 17mm?2
capacitors which is sufficient for 1V operation.
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The thickness of the buried oxide is fixed to 80nm. Any adjustment to thicker films is
possible by a second step of implantation and annealing. Any kind of thicknesses can be
reached between 80nm and 400nm. However, the cost increases as the buried oxide
thickness increases.

Fig.8 Silicon dioxide precipitates in case of high energy (190keV) "low dose" SIMOX

Fig.9 Silicon island in "low dose" SIMOX

Fig.10 Evolution of the buried oxide structure for a dose of
a)3 10l7 0+/cm2, b) 410 7 O+/cm2, c)S 1017 0*/cm? and an energy of 120keV. The optimum energy and
dose for a low dose SIMOX are 120keV and 4 1017 O*/cm? .



14
CONCLUSION

Silicon On Insulator technologies are experiencing increased interest due to the "power
crisis" and portable system boom. The low power, low voltage market was 4% of the
total IC market in 1993, but is expected to reach 40% in 1998 (source ICE 1994) due to
the increase of portable communication systems and laptop computers. However,
portable system performances are jeopardised by the need for higher power
consumption caused by increased IC's performances and complexity. SOI provides a
gain of 3X in term of merit factor at low voltage[18]. Therefore , SOI is the ideal
solution to the increasing demand for low power, low voltage volume production. A
rapid increase in world demand for the SOI wafer (50% annual growth) is anticipated
with large volume production expected in 97-98 for mainstream applications [19]. The
greatest challenge for SOI in competition with standard silicon will result from the
DRAM developments now being performed in Japan.
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WHY POROUS SILICON FOR SO1?
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1. Introduction

Most operations of microelectronic technology are based on heterogeneous reactions taking
place at "working media (solution, gas, plasma etc) / semiconductor surface” interface.
Activation of these reactions is usually performed by changing the "working media”
parameters (temperature, pressure, electromagnetic stimulation etc).

There is another way to activate these heterogeneous reactions: changing the properties
of the semiconductor material. In the case of silicon very interesting transformation of
crystal properties can be done by electrochemical anodic treatment in electrolytes containing
hydrofluoric acid (HF). Under certain conditions of electrochemical anodization, a localized
dissolution of the monocrystal occurs leading to the formation of pore network within the
bulk of the silicon monocrystal [1].

This so-called porous silicon (PS) layer retains the monocrystalline structure of initial
siticon but has very large intemal surface area. There is no other semiconductor material
than porous silicon that has such unique combination of crystalline structure and large
internal surface area. As a new morphological form of silicon, porous silicon, is of great
scientific and practical interest.

Since 1982 authors of the present contribution have dealt with SOI technology based on
porous silicon but the results in this ficld are practicalty unknown to the scientific community.
Our results concerning SOI technology based on selective anodization of nt-layer in n/n*/n-
epitaxial structure are given in the present book [2]. The advantages and limitations of this
technology are discussed there as well.

The present contribution is devoted to the results that have been obtained recently. The
main idea of these investigations is the integration of SOI structures with optoelectronic
clements based on porous silicon. We will discuss the perspective concerning the new
propexrties and effects recently discovered in PS and its application for optoclectronic devices
compatible with SOI structures.
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2. Porous Silicon Processing

There is a saying in the silicon community that the bulk of the crystal was created by God,
while the surface was made by the devil [3]. In the case of porous silicon the properties of the
surface are introduced into monocrystal up to the depth of pores, so it is obvious with whom
we deal. Due to its very large internal surface area (200-800 m2%/cm3 ) PS exhibits very high
activity in a lot of physical-chemical reactions. It provides significant stimulation of thermal
processes (oxidation, diffusion etc) and synthesis of thick semiconducting or diclectric layers
on the basis of porous silicon. Besides, due to its monocrystalline structure PS is a promising
material for deposition of homo- and heteroepitaxial layers and different metal films.

2.1. THERMAL SINTERING

When heated at temperatures higher than 400-4500C, the original microstructure of PS
coalesces leading to the formation of large cavities and thick silicon blocks. Moreover, a
pore-free layer ("crust”) is formed at the surface of porous silicon as a result of sintering at
high temperatures [4,5]. The sintering prevents any thermal oxidation and therefore limits the
usefulness of porous silicon. Fortunately, PS sintering can be easly avoided by a mild "pre-
oxidation" at 300-3500C in dry oxygen before any restructuring takes place [6]. One can
obtain thick doped silicon layers and silicide layers when sintering process is performed after
PS doping or metal incorporation into porous silicon [7,8].

2.2. THERMAL OXIDATION

Due to the large surface/volume ratio porous silicon has a very high rate of oxidation. This
allows oxidation of thick porous layers in a short time. There are three temperature regions
for PS oxidation: () low (less than 4000C), (i) moderate (400-9000C), (i) high (900-
12000C). Low temperature oxidation is used for PS structure stabilization by passivating the
pore inner walls and for thinning interporous regions to obtain a nanoscale Si skeleton. Pre-
oxidation step is an integral part of PS oxidation process in SOI technology [9].

Preoxidized porous silicon can be completely oxidized at moderate temperatures (800-
9000C), however the quality of the material obtained is still very different from that of
standard thermal dioxide. A densification step at 1050-11500C in wet oxygen followed by a
nitrogen annealing is necessary to form an oxidized porous silicon equivalent to thermal
SiO2 [9]. Very good results can be obtained under high pressure oxidation at 800-9500C in
oxygen followed by a nitrogen annealing at 1150- 12000C [10].

Both electrical and optical characteristics of oxidized porous silicon strongly depend on
oxidation regimes and PS porosity. Low temperature oxidation results in only partial
transformation of porous silicon to oxide. Optical properties of partially oxidized PS are in
intermediate range between silicon characteristics and that of silicon oxide. Electrical and
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optical properties of PS oxidized optimally at high temperature were very close to that of
thermal dioxide (resistivity p = 1:1016 -4.1016 Ohm-cm, dielectrical constant £ = 3.66-4.2,
fixed charge Q = 71010 - 3.1011 cm-2, refraction index n = 1.4- 1.45).

23. ELECTROCHEMICAL OXIDATION

This process is carried out at room temperature and, in contrast to thermal processes, is not
accompanied by sintering. Electrochemical oxidation of porous silicon can be done in
traditional electrolytes for Si oxidation. The remarkable feature of the process is the
possibility to introduce doping impurities from the electrolyte into the depth of porous layer.
Electrical properties of anodically oxidized PS are poor. Subsequent thermal oxidation and
nitrogen annealing improve these properties sufficiently. The impurities having been
introduced into PS during anodic oxidation provide change of its dectrical and optical
properties.

2.4.NITRIDIZATION AND CARBIDIZATION

The PS ability to be converted to silicon carbide or oxynitride is one of its most remarkable
features. Direct interaction of silicon/nitrogen (or ammonia) and silicon/carbon results in
siicon oxynitride and silicon carbide formation only at very high (more than 12000C)
temperatures. However, even rather long duration of such treatment results in the formation
of very thin films.

We studied interaction between PS and carbon- or nitrogen-containing gases in
temperature range of 1000-13000C. The process was performed in epitaxial reactor with the
induction coil heating. Nitrogen, ammonia, methane, trichloroethylene, etc were used as
reaction gases. Formation of thick silicon oxynitride [11] and silicon carbide layers as a result
of interaction between PS and the reaction gascs was established. SiC films consisted of two
layers: polycrystalline subsurface SiC layer and inner SiC layer of mosaic structure. SiC films
had an adsorption band at 12.6 um region and exhibited luminescence in a blue range of the
spectrum.

2.5. CHEMICAL/ELECTROCHEMICAL DEPOSITION OF METALS

Different metals can be easly deposited chemically or electrochemically on porous silicon.
These metal films deposited on/into porous silicon could be used as ohmic or injection
contacts in PS-based devices. The presence of pores provided sufficient increase of metallic
film adhesion to PS surface. During chemical deposition metals are deposited only in pore
entrances. In case of electrochemical deposition one has a possibility to put metals deep into
porous silicon [12,13). Deposition of silicide metals, for instance Ni or Co, is the most
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interesting from the practical point of view. PS layers filled with these metals could be
converted to nicke or cobalt silicides by subsequent heat treatment [14].

The established recently [15,16] possibility of rare-earth elements introducing in PS seems
to be espedially promising. In particular, erbium concentration in PS of about 3-1019 cm-3
at a depth of 5-10 pum has been achieved. After rapid thermal anneal by incoherent light
PS:Er layers exhibited intense 1.54 jun luminescence even at room temperature.

2.6. EPITAXTIAL GROWTH

Formation of high quality epitaxial layers of compound semiconductors on Si substrates is a
serious technical problem because of the differences in lattice constants of epitaxial layers and
silicon.

Porous silicon can be used as a buffer layer for epitaxy of semiconductors on silicon
wafer {17]. Beneficial influence of porous silicon buffer layer on the structure and properties
of GaAs [18] and PbS [19] films epitaxially grown on PS was explained by lower mechanical
stress level in the epitaxial structures obtained. The similar results have been obtained for
diamond films as well [20]. It is reasonable to forsee such effects for other films and to use PS
as a universal buffer layer for deposition of different materials on Si substrate, especially for
integration of eectronic silicon components and optoclectronic compound semiconductor
devices.

3. Optoelectronic Application of Porous Silicon

It is common knowledge that only GaAs, or other III-V compound semiconductors can
support all the aspects of integrated optical systems including light emission, waveguiding,
and detection due to their direct bandgap properties. Silicon provides an interesting low-cost
alternative to the III-V semiconductors for the realization of fully integrated optoclectronic
components and circuits. The base silicon technology, that is very well established, is already
used for the fabrication of visible range photodetectors and high-speed electronic devices.
However, the development of Si-based optoelectronics has been limited by the indirect nature
of Si bandgap. Radiative recombination does exist in Si, but the quantum efficiency is very
low (10-5 to 10-4) at room temperature. Continuous efforts have been made to overcome
this hurdle over the years. Studies with Gep,Si;, ordered superiattices, and impurity/defect
centers were undertaken in an attempt to increase the radiative recombination efficiency. The
recent observations [19] that porous silicon emits visible light has generated the great interest
due to the high intensity of emission.

Practical importance of this effect is clear because of perspectives to create optoclectronic
devices on the basis of well developed Si technology. In order to exploit fully the potential of
silicon integrated optoelecronics, emitter-detector architectures are likely to be optically
connected via waveguides. An integration of all these componenets in SOI structures seems
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to be very attractive to use all the benefits of electronic SOI circuits together with
optodectronic circuits.

3.1. PROBLEMS OF SOI BASED OPTOELECTRONIC CIRCUITS

There are at least two ways for organizing the architecture of optoelectronic drcuits in SOI
structures. The light from light emitting diode (LED) has to go through the silicon film and
the diclectric layer and has to be adsorbed in the photodetector (PD) active region, resulting
in a change of its electrical characteristics (Figure 1).
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Figure 1. Schematic view of SOI based micro- optoelectronic circuits.

The first way proposes the organization of optical interconnections between LEDs and
PDs directly in silicon layer of an SOI structure. For the realization of this idea the IR range
LEDs and PDs are necessary because Si film can exhibit the waveguiding properties in the
IR range only. The absence of effective IR range Si based LEDs and PD:s is a key question
of this approach. IR range LEDs can be made by silicon doping with rare-earth elements in
particular, erbium. IR range PDs can be formed by epitaxial deposition of narrow-band
semiconductors.

The second way proposes the use of the dielectric layer of the SOI structure for optical
interconnections between LEDs and PDs disposed in Si film or in Si substrate. This
technique is still a dream because a light goes out from SiO, layer to silicon due to
unfavourable ratio of refraction indexes (ng; > nyy). A silicon dioxide-based optical
waveguide (WG) has significantly wider bandwidth (IR, visible and UV) than a silicon-
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based WG. So, LEDs and PDs of both visible and IR ranges could be used.

3.2. LIGHT EMITTING DIODES

For the last two years great advances have been made in development of LEDs based on
porous silicon. Although the exact nature of emission is still unclear and highly controversial,
the proposed mechanism prevalent in the literature centers around quantum size effects in c-
Si quantum wires or mesh structures formed in high porosity PS [21]. Nevertheless, LEDs
emitting the light in red, orange, and yellow bands of visible spectrum have been already
made. Observation of blue light emission have appeared as well.

Quantum efficiency of these devices is still rather low. Another problem consists of very
short working period (no more than several hours) of LEDs based on porous silicon. High
chemical activity of porous silicon seems to be the reason of its degradation during operating
as a part of LED.

Lazarouk et al [22] have developed LED characterized by increased stability and
durability. As seen from Figure 2, the LED consists of Si substrate, PS layer, and Al
electrodes built-in in Al2O3. The Alp03 layer has been formed by selective electrochernical
anodization of initial 0.5 pm thick Al film. Visible light emission from PS edges was observed
as soon as voltage between Al electrode and Si substrate exceeded 5 V.
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Figure 2. Construction (a) and voltage-current characteristics (b) of PS based LED [22].
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Figure 3. Electroluminescence spectra of PS based LED [22].

As seen from Figure 3, the electroluminescence spectra had a maximum at 750 nm and a
prolonged shoulder in the IR range. The main feature of the LED is very high stability of
Schottky contact characteristics. It has been achieved due to the passivation of diode
periphery by anodic AIDO3. As a result, the high quality protection of active PS layer
provided a durable and stable operation of this LED, in contrast to other known
constructions. According to [22], the current density of 500 A/cm2 resulted in sufficient
porous silicon heating due to Joule heating. But no any measurable shift of LED parameters
was observed during device operation for several hundred hours.

3.3 OPTICAL WAVEGUIDES

Optical waveguide is a structure which is used for light concentration and guiding in
integrated optical circuits. Optical fiber with a round cross section is an example of optical
waveguide. Planar structure such as films and trenches are more promising for integrated
optics.

The PS refraction index is known [23] to vary from 1.3 till 3.0 depending on porosity. PS
oxidation results in an increase of its refraction index value close to that of SiO). We
attempted, varying the oxidation conditions, to make a SOI structure suitable for light
waveguiding in oxidized PS layer provided that thermal SiO) layer was formed at the
oxidized PS/Si interface and nox < nops - Figure 4 presents microphotograph of such SOI
cross section and a scheme of lightguiding in the structure. Optical properties of oxidized
porous silicon (OPS) and SiO have to be very similar, but nops has to be higher than nox .
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Figure 4. Microphotograph (a) and scheme (b) of lightguiding in OPS based SOI structure.

The SOI structure of entire OPS layer is an example of planar optical waveguide without
lightguiding restriction in the OPS plane. In a channel OPS waveguide construction the light
is guided along the walls like in optical fiber.

The process sequence for fabrication of an optical waveguide consists of three main steps
[24]): (i) silicon anodization in hydrofluoric acid dectrolyte through the silicon nitride mask to
form local PS layers; (ii) thermal oxidation of PS; (i) densification of oxidized PS.

P-type Si wafers of (100) orientation and 0.01 Ohm-an resistivity were used as initial
substrates. Selective anodization of the wafers through a 0.2 pm thick silicon nitride mask
was performed in HF/alcohol electrolyte under an anodic current density of 10-30 mA/cm2 .
As a result, local porous silicon layers of single fiber or Y-shape waveguide topologies were
formed. The waveguides had a length of 1.5-3.0 cm, a width and thickness of 5-15 pm.

After mask film removal and cleaning the wafers have been oxidized in a diffusion
furnace by a three- step process. First, the structure of porous material was stabilized and
prevented from sintering by low-temperature oxidation at 3000C for 1 h in dry oxygen.
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Porous siticon was fully oxidized using a steam ambient at 9000C. Then the temperature
was raised up to 11500C during 25 minutes, and thermal densification of oxidized PS in wet
oxygen-nitrogen atmosphere was performed to improve optical properties of the material
obtained. Finally, the temperature was reduced up to 8500C during 30 min before
unloading. These "soft" regimes together with proper choice of PS parameters provided low
mechanical stress level of the waveguide structures, absence of cracks and dislocation slip
lines. No special buffer layer was made in the experimental structure.

Optical waveguiding in the visible range was observed by observing the mirror-like
cleaved end of a waveguide with a microscope. The light from a 0.633 pm He-Ne laser or
tungsten lamp has been directed through a glass fiber on the cleaved end of the waveguide
(Figure 5).

Figure 5. Schematic view (a) of optical waveguide (Y-splitter) based on oxidized porous
silicon and microphotographs (b) of the waveguide cross section.
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Waveguiding of both the white light of a tungsten lamp and the red light of an He-Ne
laser were easily observed using the microscope. As seen from Figure 5, the light is guided in
the center part of the cross section. In our opinion, thermal oxide layer is formed at the
oxidized PS/Si interface and acts as a confining layer preventing light leakage from the
waveguide into the Si substrate. Optical properties of oxidized porous silicon are very
sensitive to its structure, composition, and density. In particular, its refractive index can be
modulated by changing both thermal oxidation/densification regimes and PS porosity. The
"core” part of the waveguide cross section has higher refractive index in comparison with the
peripheral thermal oxide confining layer.

Besides, local mechanical stress field could influence light guiding through the waveguide.
There exists a strong stress during silicon oxidation due to significant increase of oxide
volume in comparison with the initial Si volume. In contrast, in the case of porous silicon
oxidation, the growing oxide expends into pore volume thus decreasing the stress level. In
our experiments measured optical loss kess than 1 db/em seems to be due to the absence of
scattering centers on sidewalls, cracks and other defects reducing optical properties of the
material obtained.

An optical waveguide with a cross section of 1-1000 pm can be easily fabricated using
simple anodization technique and conventional thermal oxidation. There are a lot of
freedom with regard to choice of waveguide cross section geometry and its arrangement in Si
substrate. The waveguide can be arranged both planar to substrate and under eectron
arcuit's components. In fact, any PS-based SOI technology (for instance, FIPOS or
ISLANDS ) can provide very attractive opportunities for lightguiding through oxidized
porous silicon channels buried in Si substrate.

Optical properties of oxidized porous silicon were shown to be drastically changed by
rare-earth elements doping and thermal treatment. Oxidized porous silicon doped with
erbium from spin-on films exhibited sharp (FWHM of ~ 0.01 €V at 77 K) luminescence at
1.54 pum [15,16). Such PS:Er waveguide structures are promising for integrated optical filters,
amplifierss/modulators, light-emitting diodes and other optoelectronic devices.

Optical waveguides based on oxidized porous silicon have several advantages:

- any cross-section shape and topological design;

- buried in silicon, under microelectronic components;

- wide range of thickness (1-50 pun) and width (1-1000 pm);

- wide range of transmission (visible and IR) variable with rare-earth elements;

- change of transmission (rare-earth elements doping and thermal modification);

- compatibility with silicon-on-insulator structures.

4. Conclusion

The main peculiarity of porous silicon use in SOI technology is the unique possibility to form
layers having very wide range of electrical and optical properties. Special technological
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treatments have to be used for these purposes. Not only silicon oxide but silicon carbide and
silicon oxynitride can be formed by suitable treatment of porous silicon. Moreover, different
metals and rarecarth dements can be introduced into porous silicon. Modification
treatment of porous silicon allows to obtain local layers having semiconducting, conducting
and dielectric properties. These layers can be incorporated into SOI structures.

From a futuristic point of view one can expect the deveopment of the micro-opto-
electronics based on PS SOI structures. This field seems to be very perspective and can be
envisaged using the differences between the optical characteristics of the different layers (PS,
modified PS, monocrystalline Si). We have demonstrated experimental samples of light
emitting diodes of visible range and optical waveguides based on oxidized PS. The
application of PS-based SOI may eventually allow fabrication of original integrated systems
where the electron circuits and the optical elements can be fabricated by traditional silicon
technology.
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ABSTRACT

Perfection of SOI Films prepared by different technologies play a crucial role in
choosing of a given approach for an actual application. Possibilities to control the
perfection of ZMR-SOI films are considered. Investigations in graphoepitaxy and
in using a liquid sublayer are performed.

1. Introduction

By now, at least three SOI technologies have been extensively developed: SIMOX,
BESOI (wafer bonding), and ZMR. Among these, SIMOX and BESOI wafers
are produced commercially, while ZMR is still at the R&D stage. Each of these
technologies will seemingly have its own niche for applications. Currently, the
niches are still forming. In general, SIMOX, more suitable for preparation of
ultrathin Si films, is used mainly for CMOS applications, while thicker BESOI
films are used for bipolar, high-voltage, and sensor applications. ZMR is more
universal in this respect.

Another factor, the perfection of the films prepared by different technologies,
plays a very important role in the formation of the niches, too.

In this paper, possibilities to control perfection of ZMR-SOI films are consid-
ered. Experimental studies in graphoepitaxy and in using a liquid sublayer were
performed and analyzed.

2. Experimental procedure
2.1. CRYSTALLIZATION PROCEDURE

ZMR, was performed using an equipment where a linear molten zone was formed by
a high-power (300/W) CW YAG:Nd laser (wavelength 1.06um). A circular laser
beam was transformed into a linear one by using 90°-crossed cylindrical lenses.
The linear spot exceeded 100-mm in length, and was focused at the surface of the
sample.

The substrate was heated up to 1200 —~ 1300°C by a set of halogen lamps. The
laser beam melted a 0.5 — 1mm wide zone of the polysilicon layer sitting on top of
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an oxidized silicon substrate. The film was encapsulated by a SiOgz film in order
to prevent agglomeration of the molten zone.

Crystallization was performed in a single pass of the molten zone across the
poly-Si film. Scanning speed varied from 0.1 to 2mm/s. Lateral temperature gra-
dient was another changeable parameter. It was not measured directly, but could
be controlled by adjusting the total laser power together with focusing/defocusing
of the beam.

2.2. PREPARATION OF FILMS FOR ZMR

In usual multilayer structure for ZMR process (Si-substrate, SiOz-insulator buried
layer, poly-Si film, and SiO, anti-agglomeration cap layer) the following features
were envisaged.

a) Straight rows of separate square-like seeding windows (approximately 10 x
10pm, with center-to-center distances 20um, with a period 5mm) were made in the
buried layer for lateral epitaxy [1]. Anti-reflection stripes intended for generation
of periodic thermal relief [2] were made in the cap perpendicularly to the rows.

b) Inside the buried layer, a phosphosilicate glass (PSG) film, able to be soften
at temperatures above 1000°C, was created (fig.1). The poly-Si film intended for
ZMR was separated from the PSG film by a SigN4-SiOs layer. In the cap layer,
regular anti-reflection stripes were made, too.

k \\ \\\kSiOZ ~ 1 Am

e POLy -S1 ~ 0.2 nm
AN SN Si0p ~ 0.3 nm

Si3N4 ~ 0.01 Am Figure 1.
\ \PSG ~ 0.3 am Structure with PSG sub-
Si0oy ~- 0.5 Am layer for ZMR

Si substrate

M

2.3. INVESTIGATIONS IN ZMR-SOI FILMS

After recrystallization, the oxide cap was removed by treatment in an HF-contained
solution. The ZMR-SOI film were then etched in selective Secco solution [3] during
1 — 2min in order to reveal the microstructure of the films. The microstructure
was studied by scanning electron microscope (SEM) with secondary-electron and
back-scattering modes of operation.

3. Results and discussion

3.1. ZMR: STANDARD VERSION

As is known, branched subboundaries elongated in the direction of zone scanning
are the most typical imperfections in ZMR-SOI films (fig. 2).
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Figure 2. Typical microstructure of ZMR-SOI films. The contrast is caused by mutual
misorientations between different grains and different ares of the grains. SEM
micrograph in secondary-electron mode of operation.

It is known that the subboundaries separate slightly (for about 1 — 2°) mis-
oriented single-crystalline grains. This misorientation is measured with respect to
the horizontal plane, it coincides with the scanning direction, and is perpendicular
to the plane of the film. Accordingly, subboundaries consist of dislocations and/or
bundles of dislocations that lie in both the plane of the film and perpendicularly to
it (the latters are threading dislocations). The different contrast of various areas
of the film reflects the level of the misorientation.

If a periodic thermal relief is superposed on the ZMR process, the subbound-
aries are localized in accordance with principles of graphoepitaxy [4], see fig.3. The
period of the relief (20um in this case) was chosen as an average distance between
the non-localized subboundaries in fig.2 that is inherent in given crystallization
conditions (a temperature gradient, and a zone-scanning velocity). As is seen, the
film is far more homogeneous in microstructure, and a misorientation remains only
around the horizontal axis (indicated by the arrow).

3.2. ZMR WITH DEGENERATED SUBBOUNDARIES

Earlier, it was found that subboundaries can be degenerated: they are transformed
into chains of dislocation bundles or even separate dislocations localized according
to graphoepitaxy, provided that the period of the thermal relief is at least twice
as small as that should be at given growth conditions [5].

Here, more detailed investigation in the phenomenon was undertaken.
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Figure 3. Localized subboundaries formed under action of periodic thermal relief.

In order to have reproducible orientation of the film, lateral-epitaxy approach
was used that allowed one to grow SOI films with a given orientation (e.g., (100)
in this case because Si-(100) served as a substrate).

The result is shown in fig.4. As it is known, in the lateral epitaxy process,
smooth subboundary-free growth takes place at distances up to 30 — 50um from
seed windows as a result of strong temperature gradients established in growing
film close to the windows [6]. This area is indicated by arrows. If, next, there is a
regular thermal relief, the subboundaries are localized as is shown in fig.4.

Here, the period of the relief is 15um, i.e., slightly smaller then the nominal (for
these crystallization conditions) value 20um. Accordingly, a part of the localized
subboundaries are degenerated, while others are not.

In general, two types of constituents of subboundaries are obtained.

First, these are isolated dislocations as is shown in fig.5. Typically, they form
chains with intervals between separate dislocations about 1um or less. As a result
of treatment of the film in Secco etch during 1 min, almost cylindrical holes with
diameters 0.2 — 0.3um were formed (see fig.5b).

In other cases, several near-parallel chains of such dislocations were found
(fig.6). Some holes had an elliptical shape (indicated by single arrows); this means
that they are inclined to the film plane. At sufficiently small distances between the
holes, they are merged into quasi-continuous lines (indicated by double arrows).

Another type of the constituents is shown in figs.7 to 9. These are bundles of
dislocations almost perpendicular to the film plane. At sufficiently large distances
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Figure 4. Morphology of SOI film formed in lateral epitaxy togcther with
graphoepitaxy. Degenerated subboundaries are indicated by double arrows.

between them the bundles are not overlapped (fig.7). Comparative investiga-
tions of the same bundle in secondary-electron (fig.8a) and back-scattering (fig.8b)
modes of operation show that most of holes in a given bundle are emanated from
approximately the same point inside the film.

When the bundles have rather high density per unit length, they overlap each
other (fig.9a) and even form a quasi-continuous line (fig.9b).

It is to note that all the pictures shown in figs.4 to 9 were obtained on the same
sample subjected to the same etching procedure (duration about 1min).

Earlier, defects similar to those shown in figs. 7 to 9 were observed, e.g., by
optical microscopy (see fig. 3.7b in [7]) and were explained by the capture of
droplets that consisted preferentially of Si, with subsequent solidification. It is
well known that Si has an anomaly in solidification (it increases its volume and,
so, causes constraints in the film). At high temperatures typical for near-growth-
interface, the plasticity of Si leads to formation of a lot of defects (bundles of
dislocations).

The capture of droplets is facilitated by formation of rather deep V-shaped
”pockets” between protrusions of crystalline phase into melt (”cupolas”) which
are developed at the cellular growth interface (see fig. 2a in [5] and 2a in [8]). In
the case of graphoepitaxy, the protrusions are formed along predetermined lines
corresponding to the temperature minima, while the capture of the droplets takes
place in between the temperature minima.
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Figure 5. A chain of single dislocations (revealed by selective etching) localized by
thermal relief.
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Figure 6. Chains of single dislocations. Some of them are merged into quasi-continuous
lines.

Another factor that should be taken into account in the consideration of the
defect formation is a rigid confinement of the growing SOI film by the substrate
and the encapsulated layer. This factor can enhance the capture of the droplets.

Let’s now return to the single dislocations shown in figs. 5 and 6. There are no
dislocation bundles, i.e., most probably, no capture of droplets. The dislocations
were formed at junction between neighbor grains, most probably as a result of
slight misorientations between them.

3.3. ZMR OF FILMS WITH LIQUID SUBLAYER

In ZMR of multilayer structures with the PSG sublayer it was found that, at
relatively low total heating, the perfection of SOI films improved drastically so that
no dislocation bundles were detected, and only localized rows of single dislocations
remained.

In fig.10, the morphology of such films prepared at relatively high zone-scanning
velocities (about 0.5mm/ sec) is shown. The films were treated in Secco etch for a
long period of time (about 2min). As it is seen, a hardly-remarkable line (shown
by an arrow), seemingly resulting from merging single dislocations, was formed at
the subboundary.

At the lowest used velocity (0.1mm/ sec), only traces rare dislocations along
lines corresponding to subboundaries were observed (fig.11).
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Figure 7. A row of dislocation bundles along of subboundary.

Figure 8. A bundle of dislocations at different SEM mode of operation.



Figure 9. Chains of dislocation bundles merging into quasi-continuous lines.
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Figure 10. Morphology of etched ZMR-SOI films prepared with liquid sublayer at
relatively large zone velocity.

Figure 11. ZMR-SOI film prepared with liquid sublayer at a low velocity. The arrows
indicate to traces of localized subboundaries.
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Earlier, such an effect of drastic improvements of film perfection was observed
in ZMR with single, narrow laser beams [9,10]. It was supposed that the softened
sublayer relieved mechanical strains in the growing films.

In our case, we have in fact many parallel laser beams formed by the anti-
reflection stripes.

The action of the liquid sublayer in our process can be explained in two ways.

Firstly, it can, once again, relieve the mechanical strain in the growing film.

Secondly, thermal conductivity of the sublayer as a mobile substance can be
larger then that of solid insulator; hence, the depth of the V-shaped pockets
between the cupolas at the cellular growth interface should be smaller, and the
capture of the droplets can be eliminated. As a result, no dislocation bundles, only
single dislocations are formed in ZMR-SOI films prepared with the liquid sublayer.

4, Conclusions

The level of perfection of SOI films prepared by laser ZMR can be controlled using
graphoepitaxial approach. Subboundaries in the SOI films are localized in accor-
dance with periodic thermal relief organized by means of photolithographic mask.
If the period of the relief is sufficiently small, the subboundaries are degenerated
and transformed into chains of dislocations or dislocation bundles. The regu-
larization of the topology of the imperfections improves homogeneity of growth
conditions and, accordingly, of microstructural characteristics of the films.

ZMR of multilayer structures with low-temperature-softening glass sublayer
gives films with drastically-improved perfection. In such a way, SOI films with
no dislocation bundles are formed. This affect is attributed to mechanical strain
relieve in the films and/or to decrease of in plane thermal gradients.
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0. Introduction

During the last few years ion beam processing penetrated very aggressively in many
branches of advanced solid state technology. This holds also for the modern
semiconductor technology in the area of VLSI (Very Large Scale Integration) and
ULSI (Ultra Large Scale Integration). SOI (Silicon-on-Insulator) is one of the most
discussed candidates of this branch offering the possibility to produce integrated circuits
of high packing density, low power consumption and high speed.

Several techniques have been known for the production of SOI-structures using ion
beam processing directly or as an efficient support, and these will be reviewed in this

paper:
SILICON-ON-SAPHIRE (SPE-SOS) (combined with Solid Phase Epitaxy)

FULL ISOLATION BY POROUS OXIDIZED SILICON (HI-FIPOS)
(combined with hydrogen implantation)

LATERAL-ION BEAM INDUCED EPITAXIAL RECRYSTALLIZATION
(L-IBIEC)

SEED SELECTION THROUGH ION CHANNELING (SSIC)

SEPARATION BY IMPLANTED OXYGEN/NITROGEN
(SIMOX/SIMNI/SIMON)

MOLECULAR BEAM EPITAXY ON SOI (MBE-SOI)

ETCH STOP LAYERS FOR BONDED AND ETCHED SOI SRUCTURES
(ETCH-STOP-BESOI)
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This is not a state-of-the-art-review of the described techniques. The first aim of
this study is to take an advantage of the knowledge concerning the different approaches
of using ion beams for the production of SOI-structures.

1. SPE-SOS

Apart from the HARRIS process of Dielectric Isolation, the well-known SOS-
technology is the only one being implemented in production lines. An SOS-substrate
consists of a single crystalline sapphire wafer on which a single crystalline silicon film
is heteroepitaxially grown. The main disadvantages of this type of substrate are: (i)
impurity outdiffusion from the sapphire substrate during the epitaxial growth taking
place at high temperatures; (ii) formation of planar defects (stacking faults, twins) at
the sapphire-silicon interface and in the silicon film due to lattice mismatch and

SOLID PHASE EPITAXY — SOS

Al0s  Si Al,03  Si
X X X X
x X X ::posited x ;itlgunz
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Q: Si implant \Q
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§ " regrowth

Y,
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X
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1.Golecki (Rockwell Int. Corp.) 1984

Fig.1: Schematic of the SOS-SPE process (after Roulet et al. [1]
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different thermal expansion coefficients; and (iii) high substrate costs. Because of the
latter fact electronic devices and circuits produced on such substrates are first of all
used for space and military applications. The formation of planar defects during the
heteroepitaxy is a problem which has been successfully solved by ion beam processing
(see Fig. 1). A distinct reduction in the defect density of the silicon films can be
achieved by amorphization of the interface sapphire-silicon region followed by SPE
(Solid Phase Epitaxy) at 550-600°C [1]. Sometimes, an additional annealing step at
1000°C will be performed to further reduce the density of residual defects. It is clear,
that during the amorphization step the surface region of the silicon film must remain
single crystalline to serve as a seed during SPE. A reduction of the defects in the
surface region is possible by amorphizing it during a second step (Double SPE-SOS)
and repeating the SPE-regrowth using the lower part of the silicon film as a seed [2].
In this manner, a drastic lowering of the density of planary defects occurs leading to
higher minority carrier lifetimes and, hence, to a lower junction leakage in MOS and
bipolar devices. Both, ion implantation and furnace annealing as used for amorphization
and SPE, respectively, are processes of high reproducibility and are widely used in the
microelectronic technology. Consequently, the described method of defect reduction is
state-of-the-art of modern SOS-technologies.

2. HI-FIPOS

The conventional FIPOS-process [3] suffers from several disadvantages [4]. In this
process, n-type regions are formed at the surface of p-type silicon substrates by
hydrogen implantation. During the anodization step necessary to form the porous
silicon - only p-type material will be transformed - the current starts to flow in highly
boron doped p*-regions between the n-type regions and then spreads out in all
directions within the bulk region. There, porous silicon with a higher density is formed
because the density of porous silicon increases if the current density falls down. In this
manner, material with mechanical stress is formed leading to dislocation densities up
to 10°cm-2 within the silicon islands. On the other hand, due to the spreading out of the
current, thick porous layers are needed to isolate even small islands and, moreover,
stalks are formed at the bottom side of the islands so that the dielectric strength
between the island and the silicon substrate is lowered.

Benjamin et al. [4] proposed the use of a buried n-type grid formed by ion beam
processing to circumvent the above-mentioned problems. This configuration shown in
Fig. 2 leads to a much more homogeneous current flow and thus to the formation of
porous silicon with a homogeneous density. The stalks formed at the bottom side of the
silicon islands are also avoided in this manner. The buried n-type grid is formed by
masked hydrogen implantation. During the oxidation step necessary for the conversion
of porous silicon to silicon dioxide and performed at temperatures higher than 800°C
the implanted hydrogen diffuses out having no further influence on the SOI-structure.
It was demonstrated that using this method silicon islands with a larger area and with
much less mechanical strength can be formed [4].
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Fig.2: Schematic of the HI-FIPOS process (after Benjamin et al. [4])

3. L-IBIEC

Recently, the basic IBIEC process has received a strongly growing interest and has
been extensively reviewed and reported in the literature [5]. In brief, IBIEC is the well
known process of thermally induced solid phase epitaxy (TH-SPE) being combined with
ion beam processing for the purpose of depositing energy into nuclear processes. In this
manner the activation energy of the TH-SPE process of about 2.7 eV can be lowered
down to about 0.3 eV. TH-SPE normally needs a temperature of about 550°C or higher
to take place in silicon. This limit can be lowered below 200°C by using IBIEC with
appropriate parameters. By further lowering the temperature an inverse process of
layer-by-layer interface amorphization can be induced [5]. The basic mechanism to
explain these processes is not clear yet: if purely interface controlled [5] or related to
point defect diffusion [6].

All the work concerning the basic mechanisms of IBIEC was performed on
amorphous silicon layers produced by ion implantation directly on or within single



43

crystalline silicon wafers. In 1988, the successful epitaxial recrystallization of an
amorphous silicon layer deposited by chemical vapour deposition on a single crystalline
silicon substrate was firstly demonstrated [7]. No special precautions against impurities
and the natural silicon oxide layers were used in these experiments as necessary to
recrystallize such layers by TH-SPE. This type of processing can be principally used
to produce layer systems with steep doping gradients. On the other hand, such a
vertically driven recrystallization of a deposited layer from a single crystalline seed is
an important prerequisite to drive an epitaxial growth front laterally on an insulator. In
this way an SOI-structure can be formed which was already demonstrated for the case
of TH-SPE [8]. Recently, our group showed for the first time a laterally oriented
growth of a silicon layer by IBIEC to be possible [9]. The SOI-structure consisted of

Fig.3: TEM micrographs (plan view in the upper part and cross section in the lower
part with a correlated depth scale) of an SOI-structure after L-IBIEC [9].
For preparation details, see text .

of a thermally grown silicon dioxide layer (200 nm) with seeds defined by
photolithography and wet chemical etching and a silicon layer (400 nm) deposited upon
the silicon dioxide layer by chemical vapour deposition. The ion irradiation was
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performed using 330 keV silicon ions with doses in the range between 10'7-10"*cm? .
The temperature during IBIEC was 400°C simply realized by the ion beam itself. It was
demonstrated by Transmission Electron Microscopy in both plan view and cross
sectional samples that a texture-like lateral growth of the silicon layer occurs as shown
in Fig.3. In this case the IBIEC-dose was 5x10cm?. The letters A and B mark the
overgrown area, and the seed region, respectively. It is worth noting that despite the
high IBIEC-dose there is no indication of random nucleation in the amorphous silicon
layer (left of A). Of course, the quality of this material is not yet satisfactory. Further
efforts are awaited from a better understanding of the phenomena taking place at the
interface between the substrate and the deposited layer as well as from an appropriate
design of the mask edge between the seed and the insulating layer.

Nevertheless, this technique offers the possibility of producing SOI-structures in the
low temperature regime of solid phase epitaxy combined with the advantages of ion
beam irradiation which allows the use of lower process temperatures as compared to
TH-SPE, as well as to perform the epitaxial growth only in selected regions of the
wafer-both laterally and/or vertically. In this manner, L-IBIEC is a potential candidate
for three-dimensional integration.

4. SSIC

The topic of SOI includes not only methods of producing single crystalline but also
polycrystalline films on any type of insulating material. Such substrates are mainly used
for the production of flat panel displays including thin film transistors and related
devices. Especially, it is necessary to prepare material with a large grain size to
minimize the influence of grain boundaries on the electronic transport properties. An
interesting idea to produce not only grains with larger size but also with nearly
homogeneous crystal orientation related to the surface was proposed by Reif and
coworkers [10,11]. It was demonstrated that by skilfully utilizing the channeling
phenomenon of ions in single crystalline material silicon films with the above-
mentioned properties can be formed.

This process (see Fig.4) begins with low pressure-chemical vapour deposition of a
polycrystalline silicon layer on a silicon wafer covered with a thermally grown silicon
dioxide layer serving as an insulator. This leads to the formation of a silicon film with
randomly oriented grains with a grain size of about 0.08 um. Then, ion implantation
of silicon ions follows by performing the irradiation under at a predetermined angle. In
this manner, grains oriented with their main crystal axis parallel to the ion beam will
be scarcely damaged due to the ion channeling effect whereas all other grains that are
not aligned with the ion beam will be amorphized. The ion beam irradiation is
performed with silicon ions to exclude any impurity or doping effects. Subsequent
annealing at 600°C for several hours leads to recrystallization of the irradiated silicon
film by seeding at the remaining grains with uniform orientation. Using this method,
polycrystalline silicon layers with (100)-oriented grains and a size of 0.8 um were
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Fig.4: Schematic of the SSIC process (after Reif et al.[10-12])

produced [11]. The maximum angle deviation from the (100)-axis was 4°. It was
demonstrated by using of X-ray diffraction that an optimum irradiation dose exists
where most of the grains are of the same orientation after the recrystallization process.
This is caused by the energy deposition into nuclear processes occuring during
implantation of the silicon ions. At too low doses the energy deposition is not sufficient
to render the misoriented grains amorphous. If the implanted dose is too high the
nuclear energy deposition reaches the critical level for the amorphization of single
crystalline silicon.

Thin film transistors produced in all three types of material did show the lowest
threshold voltages and the highest channel mobilities for the silicon layers implanted
with the optimum dose [11]. Moreover, it was observed that this effect is first of all
related to the better surface properties of the (110)-oriented grains as compared to that
of randomly oriented grains [12]. On the other hand, the grain boundary effect was
demonstrated to be of lesser importance.
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5. SIMOX / SIMNI / SIMON

This technique involving high dose implantation of oxygen and/or nitrogen has
reached a high level of maturity in both research and production environments [13-15].
A few years ago, the design of high current implanters able to deliver oxygen currents
in the 100 mA range was undertaken. At present, several laboratories and companies
have installed such machines for the pilot production of SOI-substrates and, of course,
integrated circuits upon them. Furthermore, the possiblity of producing SOI-substrates
with high quality silicon layers of a thickness of about 100 nm has made the SIMOX
technology a powerful candidate for the fabrication of ULSI devices with high
performance [15]. Beyond the traditional speed, power consumption and rad-hard
advantages of SOI-devices, a MOS transistor in a thin film SOI-substrate shows a
higher short-channel threshold voltage stability, an improved subthreshold slope, an
increased saturation current and reduced hot electron degradation. Additionally, the
well known disadvantage of an SOI-transistor - the kink-effect - can be avoided [16].
All these advantages are related to the operation of the transistors as fully depleted
devices [15]. So, this technique can be really named the most promising future SOI-
technology for producing devices with submicron dimensions. After several years of
hesitant waiting the industry is now at the point of introducing SIMOX (in
competition with the wafer bonding technique) in the driving technology of DRAM
production. The limits of optical lithography have brought SIMOX to this level of
interest. The reason is that for a higher packing density of the devices the insulating
area between them has to be lowered. This needs the SOI concept as a more advanced
method to lower parasitic capacitances. A more detailed review concerning the
evolution of SIMOX-technology is presented by Peter Hemment in these Proceedings.

Further in this chapter I would like to remind the SOI community that looking at
the big success of SIMOX one should not forget that the topic of ion beam synthesis
for SOI concerns also the use of nitrogen alone or in combination with oxygen. As a
matter of fact, the properties of the pure SIMNI system are not so ideal for an SOI-
structure as that of a SIMOX system:

- silicon film with low defect density
- sharp and smooth semiconductor-insulator interfaces
- highly resistive buried insulator.

On the other hand the most revolutionary step in the history of SIMOX (from my
point of view) was firstly observed in SIMNI structures. This was the finding that high
temperature annealing leads to a drastic decrease of the defect density in the silicon top
layer as well as to the formation of sharper interfaces between the buried compound
layer and the surrounding silicon. This was firstly found and documented both at the
University of Surrey [17] and in Rossendorf [18]. From the viewpoint of the basics of
ion beam synthesis the use of two elements to form a buried layer is much more
interesting than the use of only one element like oxygen or nitrogen. Several pioneering
studies were done during the eighties to form SIMON (Separation by IMplanted
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Oxygen and Nitrogen) by NO-implantation [19] or by sequential implantation of oxygen
before or after nitrogen [20]. A detailed investigation of the microstructure after
sequential oxygen/nitrogen implantation into silicon was published by DeVeirman et al.
[21]}. The most encouraging result was that upon annealing up to about 1400°C at 52
min no crystallization of the buried silicon oxynitride layer occurred. On the other
hand, the microstructure of the silicon top layer and the interfaces between the buried
layer and the neighbouring silicon were not yet in a state known for advanced SIMOX
systems

A new approach to use the best properties of silicon dioxide (formation of sharp
and planar interfaces with silicon, low leakage current) and silicon nitride (diffusion
inhibition against and gettering of unwanted impurities) was the formation of a buried
stacked insulator [22]. This new type of a buried compound layer consists of a layer
rich in oxygen (silicon dioxide, silicon oxynitride) above a layer rich in nitrogen
(silicon nitride, silicon oxynitride). In this manner, the upper part of the buried layer
should form an interface of good quality with the silicon top layer where electronic
devices will subsequently be formed. This layer determines also the insulation
properties of the buried layer. The lower part of the stack should perform diffusion
inhibition against and gettering of unwanted impurities originating from contamination
of the substrate and/or processing steps. In Fig.5 nitrogen and oxygen profiles of a
stacked insulator structure are shown taken by Auger Electron Spectroscopy in
combination with sputter profiling [23]. The implantation was performed with “N*,
310 keV, 10"cm? before '°0*, 250 keV, 10%cm?, followed by annealing at 1390°C for
30 min.
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Fig.5: AES sputtering depth profile of a stacked layer system [23]

An important feature of modern semiconductor technologies not yet taken into
account for ion beam synthesised SOI-structures in the appropriate manner as being
necessary is the topic of gettering of unwanted impurities. This is first of all related to
metallic contamination, mainly from the group of 3d transition elements (Fe, Cu,
Ni,etc.). The first experiment was performed by our group in 1984 [24]. It was
shown that in epitaxial layers above a buried SIMNI layer the generation lifetime of the
minority carriers was higher by 1-2 orders of magnitude as compared to bulk silicon on
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the same substrate. Accordingly we found that this effect is related to the diffusion
inhibition ability of silicon nitride [25] as well as to an agglomeration of the metallic
contaminant in the silicon nitride-silicon interfaces [26].

The first investigations of SIMOX materal concerning the behaviour of metallic
contaminants were reported by Delfino et al. [27] and Kamins and Chiang [28]. They
demonstrated that intentionally introduced copper is gettered beneath the buried oxide
layer after diffusing through it. Recently, Jablonski et al. [29] showed a distinct
gettering of copper and nickel at the bulk side of the buried oxide independent of the
source of incorporation: surface or back of the wafer (Fig.6). On the other hand, the
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concept of proximity gettering, i.e. gettering at sites located very close to the electronic
devices, is becoming increasingly important in combination with ion implantation at
MeV energies. An SOI structure is a special case of proximity gettering because both
interfaces of the buried layer or the layer itself can act as gettering sites. Taking into
account that the two main sources of metal contamination in modern semiconductor fab-
lines are plasma etching, reactive ion etching and high dose ion implantation [30], it
turns out that most of the contamination is introduced from the device side of the
wafer. This demonstrates the importance of proximity gettering. The main task for an
SOI structure is in this respect to getter the metallic contaminants very efficiently at an
appropriate distance from the active device region. In the ideal case, this active region
should also include the buried insulating layer. This means for SIMOX-structures to
locate gettering sites at or below the lower interface of the buried layer where they
should be stabilised against further transformation during subsequent annealing
treatments. This goal could also be achieved by a buried stacked insulator where
gettering at the transition region between the upper silicon oxide and the lower silicon
nitride should be favourable. A further solution to be thought about is MeV
implantation of carbon below such a buried insulating layer. It was shown that such a
carbon-rich layer formed with doses in the range of 10"-10'cm? is a very efficient
gettering site against gold and iron [31] (see Fig.7). Recently, the formation of a buried
layer of helium filled bubbles by ion implantation transformed to cavities by subsequent
annealing was also shown to be a an efficient site for proximity gettering {32].
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Fig.7: SIMS profile of iron in silicon after 10 MeV C-implantation and intentional iron
contamination (10cm?) from the wafer backside [31b]

6. MBE-SOI

It may be somewhat bold to extend the topic of ion beam processing up to the
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molecular beam epitaxy technique were most of the particles are not charged but are
transported in form of a directed vapour beam. This aspect but also taking into account
the Ion Cluster Beam technique [33] as an alternative for MBE should satisfy the
discussion of two interesting MBE-applications for SOI in this paper.

The first one concerns immediately the methods to reduce the dislocation density of
SIMOX structures recently reported [13,14]. Adapting an experimental finding of
compound semiconductor superlattices, Kamins et al. [34] tested the influence of SiGe-
superlattice structures on the dislocation density of epitaxial silicon layers deposited
above SIMOX wafers. To describe shortly the mechanism, a strain near heteroepitaxial
interfaces produces a shear force which is able to bend dislocations parallel to the
superlattices rather than allowing them to propagate to the surface. In this manner,
close dislocations then also interact and will be annihilated or they may terminate at the
edge of the sample. Of course, it is necessary that the superlattice should be properly
designed.

One must however state that the results were not very encouraging. Although the
bending of some dislocations could be observed by XTEM in such SIMOX-SiGe-
structures most of the dislocations with a density of about 10° cm? propagated to the
surface. However, it must be claimed that the SOI-structures used were not optimised
ones from the viewpoint of damage annealing. A 1250°C, 6h-anneal step was used so
that apart from dislocations also oxide precipitates still remain.

Whereas much more effective and also economic techniques are known to reduce
the dislocation density of SIMOX-silicon films, e.g. the multiple implant-anneal-cycle
[13,14], the formation of a single crystalline compound semiconductor film on a SOI-
structure could combine all the advantages of both heteroepitaxy and SOI and, maybe,
some additional ones. This should be of importance for the production of electronic and
optoelectronic devices on the same wafer. First successful experiments to use MBE for
the heteroepitaxial growth of GaAs on SOI-structures were reported by Das et al. [35]
for the case of SIMOX structures. The growth of the GaAs layer was dominated by
hillock formation at microscopic mechanically damaged regions of the silicon surface.
The cause for this mechanical damage was not reported. However, between the
hillocks an uniform layer growth was already observed. Microtwins, threading
dislocations, twinning dislocations and antiphase domain boundaries were the
predominant defects in these layers. Generally, this is a problem of heteroepitaxy, but
on the other hand it must be stated again that the quality of the SIMOX-structures was
not the best one due to the anneal step used: 1200°C, 3 h. In this manner, a high
density of defects still remains within the silicon top layer, especially silicon dioxide
precipitates. Undoubtly, optimised SOI-substrates from the viewpoint of defect
engineering, e.g. SIMOX substrates annealed at 1300°C for 6 hours, should lead to
much more encouraging results.
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7. Etch Stop Layers for BESOI

In this SOI technology (see Fig.8), a thin layer of silicon dioxide present on one or
both two silicon wafers is sandwiched between these wafers at room temperature
followed by annealing at elevated temperatures. Then one of the wafers has to be
thinned (the so called seed or device wafer) to produce a single crystalline silicon film
of a desired thickness. This film is isolated from the substrate (or handle wafer) by the
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Fig.8: Schematic of the main steps of BESOI

silicon dioxide layer grown at the beginning. One of the basic process steps in this
technique is the controlled thinning of the seed wafer.

The most frequently used selective method, the Bonded and Etch back -SOI
(BESQI), involves chemical removal of a certain part of the device wafer by etching.
This method is capable of fabricating high quality silicon films with thickness variations
of about 7% at thicknesses as low as 100 nm [36]. In this case, a highly selective etch
stop layer is formed in the seed wafer prior to bonding, usually by ion implantation.
One method is the implantation of boron up to volume concentrations of 10°cm™. The
etch-back procedure results in the removal of almost all of the seed wafer except for
the thin layer ahead of the peak of the implant profile. For medium implantation
energies (<200 keV) this layer contains boron of unacceptably high concentrations,
which necessitates the growth of an undoped epitaxial silicon layer on the implanted
surface. This layer becomes then the device region.

One method to overcome this disadvantage of additional and expensive processing
is the use of high energy implantation with MeV-energies [37]. Also, buried oxide and
nitride layers in silicon formed by ion beam synthesis have been successfully employed
for etch-stop purposes [38]. Recently, it has been demonstrated that carbon implantation
into silicon at medium energies (<200 keV) and doses of the order of 10'*cm? can
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produce efficient etch stop layers suitable for both, BESOI and micromechanical
applications [39].. The advantages of this approach arise from the facts that carbon in
silicon is electrically inactive (although carbon implantation may generate defect-related
energy levels which in turn may cause changes in the carrier lifetime and resistivity),
and a carbon-depleted zone to support the device action can be formed under standard
implantation conditions [40]. This eliminates the necessity of growing an epitaxial layer
of undoped silicon.

8. Conclusions

1. Nearly all types of ion-solid-interaction causing mass transport and energy
deposition into nuclear and electronic processes leading to

- doping (HI-FIPOS, BESOI),

- compound formation (SIMOX/SIMNI/SIMON, BESOI),
- materials deposition (MBE-SOI),

- damage/amorphization (SPE-SOS, SSIC, L-IBIEC), and
- dynamical annealing (SIMOX/SIMNI, L-IBIEC)

were successively used to produce SOI-structures itself or to support efficiently
other SOI-technologies. Moreover, the specialty of particle channeling in single
crystalline matter was also successfully applied. Sputtering is the only process that still
remains to be used in a constructive manner for SOI.

2. Several techniques reported above are still in the period of early beginning (L-
IBIEC, MBE-SOI) whereas SPE-SOS is a well established technology. SIMOX in
competition with BESOI is now a powerful motor to bring SOI to ULSI.

3. Gettering in SOI structures which are coming now on a mainstream for
application in technology -like SIMOX and BESOI- should now be paid more attention
than during the last fifteen years.
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Abstract

In this paper the growth of crystalline silicon layers with large amounts of
oxygen (~1020 cm’) by low temperature chemical vapor deposition is described.
These layers have semi-insulating electrical properties with resistivities as large as
109 Q-cm at room temperature and exhibit the classic characteristics of a space-
charge limited current in an insulator with many deep traps. Single crystal SOI layers
without oxygen were grown on top of the semi-insulating layers. P-channel MOS-
FET’s fabricated in these films had characteristics above threshold similar to bulk
control samples, although their subthreshold characteristics were degraded.

1. Introduction

The advantages of SOI, such as reduced substrate capacitances, reduced
process complexity, and improved scaling and subthreshold slopes (Colinge effect)
are well known.  However, all of the conventional processes for the formation of
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SOI layers, such as SIMOX, ZMR, bond-and-etch, etc, suffer from one or more of
several technological or economic problems. The primary economic problem is the
time for processing (such as high oxygen doses or long laser scanning times), leading
to high wafer costs. Besides defects, other key technical problems associated with
the buried oxide and active silicon layer are the control, uniformity, and flexibility of
choice of the film thicknesses. These problems will probably only become more
significant as the wafer size increases.

One technical approach towards an SOI formation process which addresses
the issues of large-area capability, low-cost, and good layer thickness control would
be an all epitaxial process. First an epitaxial insulator on the silicon substrate would
be grown, followed by the SOI layer. This approach has been limited by the availa-
bility of an epitaxial insulator lattice-matched to silicon. Considerable work in the
past has been done using CaF, and related materials as insulators [1]. While consi-
derable progress was made, this effort suffered from differing thermal expansion
coefficients, facetting of the CaF, surface, and incompatibility of CaF, with conven-

tional Si processing.

In this paper, we describe the growth, electrical properties, and SOI appli-
cation of a new material, oxygen-doped crystalline silicon (Si:O) [2], as an epitaxial
semi-insulator on (100) silicon substrates. The motivation for the work was the fact
that O is known under certain conditions to introduce levels 0.4 eV and 0.6 eV above
the valence band edge in silicon [3]. The incorporation of large amounts of oxygen
into silicon might then lead to a pinning of the fermi level near midgap, leading to
semi-insulating characteristics.

Previous attempts to incorporate large amounts of oxygen into silicon in-
cluded Semi-Insulating POlycrystalline Silicon (SIPOS), which was formed by CVD
and could contain up to several tens of percent of oxygen [4]. The application of
these polycrystalline films was for surface passivation [5] and for a wide bandgap
emitter in silicon-based heterojunction bipolar transistors [6]. OXygen-doped Silicon
Epitaxial Films (OXSEF) have also been grown as a crystalline substitute for wide
bandgap emitters [7]. These crystalline layers were grown by MBE between 300
and 700 °C, and surprisingly could contain on the order of 10% oxygen [8]. When
heavily doped with arsenic, the layers were conducting.

2. Growth of Oxygen Doped Silicon (Si:O) by Chemical Vapor Deposition
(CVD)

During conventional silicon epitaxy (e.g. > 900 °C), the presence of small
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amounts of oxygen or water vapor (e.g. < 10 ppm) in the growth chamber has little
effect on the quality of the layers. The oxygen concentration in the epitaxial layers
in this case is typically below that of the maximum solid solubility (~2 x 1018 cm3),
For higher amounts of contaminant in the source gases, first heavily defected layers
(eg. with many stacking faults and a very hazy surface) are found and then polycrys-
talline layers result. Therefore we have focussed our work on low-temperature CVD
(700-750 °C) with the hope that excessive SiO, precipitation and the defect formation
which leads to polycrystalline growth could be surpressed. The layers were grown in
a lamp-heated CVD chamber equipped with a load-lock and gas purifiers, so that the
background oxygen and water concentrations were <100 ppb. The source gases were
either silane or dichlorosilane in a hydrogen carrier at 6 torr. Oxygen was introduced
by bleeding small controlled amounts of a dilute oxygen in argon mixture into the
growth chamber. Oxygen was chosen instead of water vapor because water vapor
was found to stick to the quartz chamber walls, and the water partial pressure could
take days to decrease after the water vapor source was shut off. No such problem was
observed using an oxygen source.

The material was initially characterized by infrared absorption (FTIR), X-
ray diffraction (XRD), and SIMS. It was found that up to 1029 cm™3 of oxygen could
be incorporated into the films while they still remained crystalline and without any
evidence of haze on the sample surface. The amount of oxygen incorporated into the
films was two orders of magnitude lower than that expected from sticking coefficeints
determined in UHV experiments. This was attributed to the passivating effect of a
hydrogen layer on the sample surface present during CVD, and also due to the pres-
ence of a boundary layer during CVD growth [9]. Fig. 1 shows a typical X-ray dif-
fraction curve of a sample containing 5 x 10" cm™ of oxygen and a thickness of 5
microns. No polysilicon peaks are present and only strong single crystal peaks are
seen. A typical FTIR spectrum of a similar sample with a slightly higher oxygen
level (~1020 cm'3) is shown in Fig. 2. A broad peak around 1010 cm! is observed,
which is at an energy considerably lower than those normally observed for interstitial
O in Si (1107 cm™!) and for various forms of SiOy precipitates (1100-1230 cml).
This spectrum looks very similar to that previously observed in OXSEF samples [8].
The exact microstructural configuration of the oxygen in our Si:O layers is not known
at present.

3. Electrical Characterization and SOI Applications

To avoid complications with parallel conduction from the underlying sub-
strate, the layers were evaluated mostly using vertical transport measurements. In
some cases the layer directly on top of the Si:O was a metal contact, and in other
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Fig. 1. X-ray diffraction (using Cu-Ky and Cu-Kp radiation) of a 5-um thick Si:O
film containing 5 x 10'® em™ of oxygen, showing no evidence of any polycrystalline

silicon.
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cases it was a crystalline silicon layer without oxygen grown on top of the Si:O. This
was accomplished simply by turning off the oxygen flow, although in most cases the
growth temperature was also then raised to 1000 °C to give a faster growth rate.
These top Si layers were either doped p-type or n-type by introducing dopants during
the epitaxial growth.

A typical I-V curve at room temperature from an aluminum Schottky barrier
on undoped Si:O (thickness 10 microns) on an n-type substrate is shown in Fig. 3.
The current in forward bias was limited by the resistance of the Si:O layer, from
which the resistivity of the SiO layer was then extracted. These measurements were
made as a function of temperature for layers containing total oxygen concentrations
on the order of both 5 x 10!° cm™ and 2 x 1022 cm™3 (Fig. 4). For both samples a
resistivity of ~10% Q-cm was found near room temperature, with the value for the
sample with more O somewhat higher.  Assuming mobilities near that of bulk Si,
such a resistivity implies a fermi level pinned near midgap. Further evidence that the
fermi level in the material was pinned near midgap is the activation energy of the
resistivity which in both cases was 0.6 eV, approximately half of the bandgap of sili-
con. As the nature of the microstructure of the oxygen is not known, the exact mecha-
nism which contributes to the fermi level pinning (surface states of oxide precipitates,
levels due to isolated O atoms, etc) is also not known.

More complex are the I-V characteristics observed in p-Si/undoped Si:O/p-
Si structures at higher electric fields. In materials with very low intrinsic carrier den-
sities, such as insulators or semi-insulators, there are not sufficient carriers present in
the material to conduct large amounts of current. At higher current levels, excess
carriers which flow in from the contacts must be present, giving the material a net
charge. This charge in the material causes the I-V characteristics to deviate from a
simple ohmic relationship. In the simplest case (Fig. 5(a.)), the log I - log V charact-
eristics have a slope of 1 at low currents where the background carrier density is suf-
ficient to carry current, but a slope of 2 at higher currents where there is a large
injected carrier density. If traps are present in the material, the situation can become
more complex [10]. In this case, a jump in the log I - log V characteristics can be
observed as the quasi-fermi level passes through the trap level, both because of chan-
ges in scattering and because all new injected carriers will then be available for con-
duction (Fig. 5 (b.)).  Such characteristics are indeed observed from experimental
structures (Fig. 6), confirming that deep levels are indeed present in the Si:O material.
From a quantitative analysis of Fig. 6, a trap density on the order of 10'° cm™ can be
inferred [2]. This is consistent with high donor and acceptor doping experiments of
Si:O in our lab, as at very high doping levels (e.g. concentrations of phosphorus or
boron >> 101° cm™3), the Si:O films are no longer semi-insulating and conduct well.
Hall measurements of doped layers yield a hole mobility which is somewhat lower
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Fig. 3. Current-voltage characteristic of an Al/10-um undoped Si:O/n-type Si
Schottky barrier at room temperature.
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Fig. 6. Log I- log V characteristics of a p-Si/Si:O/p-Si structure. The Si:O thickness

is 3 pm.
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than bulk material. p-Si/undoped Si:O/n-Si structures in forward bias show a cur-
rent-controlled hsyterisis (Fig. 7). This is also characteristic of a semi-insulating
material with a high trap density [10].

The lifetime of the material was probed using an all optical pump and probe
technique in a thick (10 pm) Si:O layer with approximately 1020 cm?3 oxygen [11].
First a pump pulse excites carriers in the Si:O layer, and their recombination is moni-
tored through their effect on the reflectance of a second probe pulse, whose delay
from the pump pulse can be adjusted. From the exponential decay of the reflected
probe signal vs. delay, a lifetime of ~ 50 ps may be extracted (Fig. 8). Such a low life-
time is to be expected given the large number of traps in the material.

4. SOIFET’s

SOI FET’s were fabricated by growing ~0.6 um of crystalline Si n-type
(~10'% cm3) without oxygen doping at 1000 °C on top of 1.5 um of Si:O. P-channel
MOSFET’s were then fabricated by a standard self-aligned process using simple mesa
isolation for the SOI islands. The gate oxide was thermally grown to a thickness of
~40 nm. Typical SOI FET characteristics and those of simultaneously fabricated bulk
control FET’s are shown in Fig. 9. Well-behaved characteristics were obtained, with
a slightly higher threshold voltage in the SOI case, possibly due to a lower doping in
the control wafer. Long-channel devices showed similar mobilities for both the SOI
and bulk devices. N-channel devices in the SOI films were also well behaved above
threshold, but a processing failure in the control devices prevented any comparison
with bulk devices.

The subthreshold characteristics of the PMOS devices are shown in Fig. 10.
An unknown process problem caused fairly poor subthreshold slopes (~250 mV/
decade) and high leakage current in the bulk devices. The subthreshold performance
of the SOI devices was still worse, however (~1000 mV/decade). It is not known if
this poor performance is due to defects in the SOI films (or at the top SiO, interface)
itself , or is due to full depletion resulting from poor control of the intended doping of
the SOI film during epitaxial growth. If full depletion occured, the many deep levels
in the underlying Si:O layer would be expected to lead to a poor subthreshold slope.

5. Future Directions

Recent TEM results [12] have shown that the Si:O layers with oxygen con-
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centations on the order of 1 - 5 x 10'°cm™ contain hairpin dislocations originating at

the lower Si/Si:O interface, but with a density not exceeeding 10’ cm™2. SiO, precipi-
tates were also found at the lower Si/SSi:O interface (about 2-3 nm diameter), as were
smaller precipitates uniformly throughout the film. For oxygen levels an order of
magnitude higher, a high density of stacking faults (1011 cm'z) and microtwins was
seen in the Si:O as well as much larger precipitates (~ 15 nm) in the entire layer.. For
the two cases of high and low oxygen concenration, defect densites (stacking faults
and dislocations) in overlying SOI films without O were ~107 and 10° cm™, respect-
ively.  This indicates that still lower growth temperatures are required to surpress
oxygen precipitation and related defects during the CVD process. It should be noted
that due to unintentional contamination, SiGe layers grown by CVD on Si at ~640 °C
with ~ 1020 cm™ of oxygen have been reported [13]. Despite this high oxygen den-
sity, no defects or precipitates could be observed in these layers by TEM, or in over-
lying Si layers grown at higher temperature without O contamination . Although the
films were conducting due to their high dopant concentration (~ 10" cm3 to ~ 1020
cm’3), they demonstrate the advantages in crystal quality which can be obtained at
lower growth temperatures when large amounts of oxygen are present.

6. Summary

Semi-insulating crystalline silicon layers with ~ 102 cm3 of oxygen can be

grown by low temperature CVD. The layers have a resistivity of ~ 10° Q-cm at
electric fields below 10 V/cm, and exhibit the classic characteristics of space-charge
limited current in an insulator with traps at higher current levels. Crystalline Si
layers without oxygen can be grown on top of these semi-insulating layers. FET’s in
the SOI layers have good mobilities, but poor subthreshold slopes and high leakage
levels. The key to improved material quality appears to be lowering the growth tem-
perature of the Si:O layers.
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1. Introduction

The technique of ion beam synthesis of buried oxide and nitride layers in
silicon has been successfully used to fabricate SOI material suitable for VLSI device
applications. To date the bulk of the research conducted along this line has been in the
field of SIMOX [1]. In comparison to SIMOX, the technique of SIMNI has received
less attention mainly because of the fact that nitrogen atoms do not redistribute during
conventional high dose implantation involving low beam current densities, typically
less than 20 puA cm2, and substrate temperatures in the range of 400 to 6000C.
Subsequent annealing at 1200°C for 2 h results in the formation of complex structured
nitride layers which for doses less than the critical dose D, include silicon islands, and
for doses above D, inevitably comprise a porous region of nitrogen bubbles [2]. This
zone in particular is a serious problem as it proves to be a source of mechanical
weakness in SIMNI substrates. Moreover, high leakage currents have been measured
even through nitride layers formed with doses well above D, [3], so the use of
standard implantation and annealing conditions has been strongly questioned.

During recent years however, apparent progress has been made in improving
the quality of SIMNI substrates. Current developments include the fabrication of
ultrathin buried nitride layers with high quality interfaces [4], and the use of high
intensity ion implantation (HIII) of nitrogen which enables one to produce directly
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stoichiometric Si3N4 layers of good structural integrity [5]. HIII of nitrogen appears
to have similarities to SIMOX process in that a flat topped profile can be formed
while maintaining good crystalline quality in the upper silicon layer. This is a
technologically important issue which may warrant a reconsideration of the standard
SIMNI technique with a view to obtaining device worthy SOI substrates.

The aims of this research are to assess the aplicability of HIII of nitrogen into
silicon with respect to the direct formation of stoichiometric layers of SigN4, and to
help establish the relative importance of the dose rate, implant temperature and dose
influences on the resulting structures, thus outlining a basis for further optimisation of
the technique.

2. Experimental

In our experiments molecular nitrogen ions were implanted into (111) silicon
samples using a stationary beam from a Van de Graaff accelerator. The particle energy
was 1 MeV mol-! (500 keV at™1), the dose range was 7x1017 - 2.1x1018 cm2, the
beam current density was in the range 15 - 150 uA cm2 and the incident ion beam
was normal to the wafer flat. The samples were clamped on a metallic disk holder and
were heat sunk by means of a thermally conducting silicon grease. Consequently,
conduction cooling was the dominant heat loss mechanism. As the implants were
performed at high beam power densities, the temperatute of the sample holder (as well
as that of the samples) showed a discernible rise above room temperatute (RT) during
irradiation. The actual sample temperature T; was not directly measured. Instead, a
model taking into account the main effects of ion beam heating, radiation cooling,
conduction cooling and re-radiation was developed to estimate the surface temperature
of the sample holder for the particular mounting configuration employed. Partial
temperature measurements were done using a chromel/alumel thermocouple mounted
in contact with the sample holder, and it was accordingly found that the calculated and
actual temperatures agreed to + 10°C over the temperature range from RT to 300°C.

Two series of experiments were carried out. The first series of implants was
designed to trace the influence of the initial T; on the crystallinity of the top Si layer.
For this purpose three samples were mounted on the sample holder and were
consecutively implanted to a dose of 7x1017 cm™2 each, using a beam current density
of 50 uA cm2. The implantation started at RT and after 40 min an equilibrium
substrate tenperature of about 300° C was reached, so that the first two samples were
irradiated under non-equilibrium regimes of temperature rise, while the third one was
implanted at a nearly constant temperature of 300° C.

The second implantation series was performed to study the effect of dose rate
on the nitrogen profile. The beam current densities used were 15, 70, 100 and 150 uA
cm2 and the doses ranged from 1x1018 t0 2.1x1018 cm2.

The as-implanted substrates were cleaved into small specimens which were
analysed by Rutherford backscattering and channelling (RBS/C) of 1.5 MeV He™t
ions using a surface barrier detector with an energy resolution of better than 13 keV
and a scattering angle of 170°,
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3. Results and discussion

Figure 1 shows the calculated heating curve of the sample holder for a beam
current density of 50 uA cm™2, Three different temperature regimes of implantation
are indicated, corresponding to the three implants carried out. In regions I and II the
implants were conducted under non-stationary conditions of sample heating, whereas
in region III an almost steady state T; of 300° C was reached at which the third
implant was carried out.

300+
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Time t x 10° sec

Fig. 1: Calculated surface temperature of the sample holder as a function of time, for

a beam current density of 50 pA cm2. Regions I, II and III correspond to implants

conducted under different conditions of sample heating.

Figure 2 shows the aligned RBS spectra for as-implanted samples from the
above set (curves 1, 2 and 3 pertain to implants in regions I, II and III, respectively).
As can be seen, increasing the T; from RT to 300° C improves the near-surface
crystallinity and reduces the thickness of the amorphised region. As distinct from the
case of standard nitrogen implants which unavoidably result in the upper Si layer
being highly defective (xpin > 50%), the use of HIII at sufficiently high energies
makes possible the dynamic restoration of the crystallinity of the top Si layer in situ
even at relatively low T; not exceeding 300° C. Still, the presence of comparatively
large surface peaks in the spectra designated by (a), (b) and (c) implies that the T;
ought to be optimised in order to further reduce the damage level in the near-surface
region.

Most important however is the fact that HIII enables good material quality to
be maintained in the Si overlayer at T; down to 300° C as confirmed by the low value
of Xmin (8%) measured just behind the surface peak (Ch 255) for the highest T; of
300° C. This is quite the opposite to the case of conventional nitrogen implantation
where the resulting as-implanted top Si layers are either highly deffective for T; in the
range of 400 to 800° C or amorphised for T; lower than 300° C.
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Fig. 2: Channelled RBS spectra from as-implanted samples which display the
improvement in the crystalline quality of the Si overlayer with increasing substrate
temperature. Curves 1, 2 and 3 correspond to implants in regions I, II and III,
respectively, as indicated in fig. 1. For each implant the beam current density was 50
BA cm2 and the dose was 7 x 1017 cm™2 < D.

Figure 3 shows the as-implanted nitrogen profiles from implants at different
doses and beam current densities of (a) 15 and (b) 150 gA cm2. It is evident that at
sufficiently high dose rates and for doses above D a redistribution of the excess
nitrogen occurs and flat topped profiles are formed, which is an implication of the
absence of a nitrogen bubbled layer and is consistent with our previous results [5].
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Fig.3 : Nitrogen depth profiles in samples implanted with a beam current density of (a)
15 pA cm2 to doses of 1.0x1018 (dotted line), 1.6x1018 (dot-dashed line) and 2.1x
1018 cm2 (dashed line); and (b) 150 pA cm2 to doses of 1.1x1018 (dotted line), 1.4

%1018 (dot-dashed line) and 1.7x1018 cm2 (dashed line).
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Figure 4 shows the influence of the beam current density on the overall
nitrogen distribution for implants at a dose of 1x1018 cm™2 < D.. Two features can
be noticed. Firstly, the profiles increase in height with increasing dose rate and for the

highest one (100 xA cm'2) the composition at the peak of the distribution approaches
closely the stoichiometric ratio for SizN4.

60+
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40+
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N concentration, al. per cent

Depth 4 x 10", at om™

Fig. 4: Variation of nitrogen depth profile with beam current density for implants to a

dose of 1.0x1018 cm™2 < Dg; 15 (dotted line), 70 (dashed line) and 100 pA cm=2
(solid line).

This may be a consequence of more effective nucleation of nitride precipitates
favoured by the beam enhanced mobility of the nitrogen. Secondly, the peak of the
unsaturated profile moves to greater depths for higher current densities, which may be
attributed to more pronounced swelling.
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Fig. 5: Variation of the critical dose D with beam current density.
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Prehaps the most intriguing result in this study is that the threshold dose D,
for direct formation of a stoichiometric buried layer of SigN4 appears to be dose rate
dependent, as shown in Figure 5. One can see that the values of D decrease with
increasing beam current density. This reduction is similarly thought to be associated
with the accelerated process of segregation which is favoured by the nitrogen diffusion
enhancement at higher dose rates.

All these results once again reinforce the inference that the overall nitrogen
distributions depend critically on the combined effect of dose rate and implant dose.

4. Conclusions

(i) The quality of the near surface silicon layer is sensitive to substrate
temperature and improves with increasing T;. Implant temperatures not less than
300°C are evidently required to achieve good crystallinity in the silicon overlayer.

(i) The direct synthesis of a buried nitride layer depends crucially on the
dose rate and implant dose.

(iii) The critical dose for direct formation of a buried SizN4 layer is dose rate
dependent.

(iv) The width of the amorphised region shrinks with increasing buried layer
thickness.

(v) An apparent benefit from the HIII of nitrogen into silicon is that it
produces as implanted material which is superior to that achieved by standard low flux
nitrogen implants.
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1. Introduction

For the fabrication technology of SOI structures the following problems are of
importance: (i) the decrease of annealing temperatures; (ii) the improvement of
sharpness and quality of the interfaces (IF); (iii) the decrease of the thickness of the
uniform and single-phase insulating layer (IL) and, hence, the decrease of the implanted
dose; (iv) the improvement of the quality and stability of the IL. and of the perfection of

the upper semiconductor layer.[1] In this work we will try to demonstrate that the least
part of these important questions can be solved using different types of stimulating
factors.

2. Theoretical approaches

1. First of all, it is possible to use an additional (using O implantation) generation of
point defects with their subsequent separation, due to the absorption of highly mobile
interstitials beyond the active region, and the coupling of vacancies into V-clusters (up
to the creation of micropores) in those places where oxygen precipitation is required.
So, such V-clusters can play the role of new centers of precipitation of the insulating
phase.

2. Another possibility for the creation of additional special centers of precipitation
consists int the introduction (for example, using ion implantation [2]), of elements such
as C, N, B, Al, CL, F, H and others, which are chemically active with respect to oxygen
and have a rather small atomic radius. The same result may also be achieved by 8-
doping under deposition of the upper semiconductor layer. This factor can substantially
facilitate the creation of an homogeneous, stoichiometric and thin IL.

3. It is known that at the melting point Ty, elastic constants E(T,)—0 and v(Ty,)—0.5
(3], where E is young's modulus and Vv is the Poisson ratio of the material. So, during
annealing in the framework of conventional SIMOX technology the role of mechanical
stresses are not essential. However, during the "hot" implantation step (T~300-600°C
and under an annealing at moderate temperatures (~1100°C) the following relations can
be applied:

E(T) = Eq - 21T - by T2 ¢))
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and

V(T) = vg + 25T + by T2 )
where Eg and vq are the "room temperature” values of the Young modulus and the
Poisson ratio. ag, by, ap and by are interpolation coefficients. Under these conditions, E
remains large enough. This is proved by the influence of mechanical stresses on Si
oxidation rate in SiO3 film structures, as reported in [4,5]. In [¢] it has been show that,
during an oxidation, stresses in Si are equal to about 1-5x108 dyne/cm2. So, in this
case mechanical stresses can also be used as the driving force and facilitate the rate of the
oxidation reaction to the successful control of the IL thickness and the IF sharpness.
This factor becomes substantial when the absolute value of the drift flux of atoms (Jp;
= (D/kT)-Av-VP-N) generated by some hydrostatic pressure P = -1/3-Z6ym,
(corresponding to a tensor field ¢) is comparable to a diffusion flux (JDf = - D-VN)
value. Here Av is the atomic volume mismatch of a foreign atom (or defect), Av-VP is
a mechanical force acting upon the particle. So, only uniform internal stress is of
importance in this case. it appears, for example, from a non-uniform distribution of
atoms or defects N(z) during ion implantation [7]. For a thick Si wafer we can ignore
the numbers describing the mechanical reaction of a substrate as a whole and obtain:

Gxx=cyy = 'BEN(Z)/I'V) and GZZZO (3)

Here B = Av/v is a coefficient the lattice expansion induced by a foreign atom. As for
the external mechanical field, it may be effective only in rather small vicinities of the
so-called concentrators of mechanical stress, where values of P may be theoretically
infinite [8]. Dislocations, clusters of defects or silicon dioxide inclusions and thin
regions near interfaces may play the role of such concentrators. In the last two cases the
mechanical stress influences the precipitate growth through the change of equilibrium
critical size of precipitates and modification of atomic transport in their vicinity.
Experimental results presented below concern (i) the stress-induced atomic concentration
distribution; (ii) the precipitate growth mechanisms, and (iii) the role of both the
internal and external mechanical stresses in the superficial silicon layer perfection.

To clarify these effects we perform some computer simulations (CS) and calculations
[°] based on theoretical approaches and equations developed in [7] for such cases as:

a) stimulation of the 1D growth (one-dimensional) of IL to obtain a non-rough flat
layer, by means of 3D growth of dispersed SiO; inclusion suppression,

b) enhancement and compensation of the mechanical stress fields of different cases of
SOI stimulated technology, including self-consistent atomic drift in stress fields, created
by the impurities themselves,

c) the influence of the external stresses on the precipitation.

3. Experiment

The samples were prepared by implanting 150 keV O+ ions into Si(100) wafers
(Dose=1-10x1017 cm"2, at T=350°C, annealing - 3h at 1100°C). As for the combined
implantations we used nitrogen N+, carbon C* and carbon monoxide CO* ions at an
energy of 150 keV and large enough doses (1017-1018 cm-2). The samples were studied
by TEM, AES and SIMS. Defects and stresses in the surface Si layer have been
determined by electroreflectance (ER).
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4. Results and discussion

1. After combined O+ and C+ implantation
and annealing (850°C and 1150°C) the
effect of oxygen accumulation is revealed in
the regions where C+ was implanted
preliminary (AES).

2. The redistribution of implanted O* in
the presence of implanted N* and C+
accumulation are observed near the interface
(SIMS).

3. The effect of external mechanical stresses
on the properties of the superficial layer
was also studied on SOI structures prepared
by high-dose implantation of O* into Si
wafers deformed by the growth of a back-

N y Y .8 side SiO; layer followed by an annealing
z—> mkm step (550°C, Au).

AZOO B BLRTHY

0.0

FIGURE 1: The calculated stress distribution over the sample depth in the case of a combined
implantation. 1,2: concentration of C and O; 1'2": respective stress distribution for each
impurity; 3: resulting stress distribution.

In the latter case the structural perfection of the superficial silicon layer is substantially
higher for an SOI structure formed in an elastically deformed wafer than for a structure
formed in an unstressed wafer. it should be noted that the interference oscillations of ER
spectra are observed only for SOI structures created in deformed wafers. The interference
is caused by the existence of a sharp atomic interface between IL and the silicon
overlayer. Let us discuss these results.

Internal mechanical stress (IMS) induced by volume misfit between the matrix and
impurity atoms (Eqn 4) influences the atomic transport at the initial stage of
implantation. As a result achievement of both the growth of precipitates and high
supersaturation becomes difficult. In order to avoid this situation, combined
implantation is used when impurities with small radii, such as N or C, are implanted in
addition to O*. In this case the built-in field appears according to CS (Figure 1) and
redistribution of the implanted impurities takes place in the first and second
experiments.

The third experiment shows the important role of the stress-controlled precipitate
formation. In is shown that the external stresses may, in some special cases, be used to
filter the precipitate size: small precipitates of SiO2 are decomposed and, after this, 1D
growth of the layer with a sharp upper IF is obtained. Indeed, according to {19}, in an
isotropic case, we have the following expressions for the variation of Gibbs' free energy
AG during the formation of inclusions in the solid matrix and for the critical number of
particles n¢ in the nuclei:

AG = n-(-Agy + Age) + n-0g:n2/3 @)
and .
ne = (2n/3)-05/(Agy -Age)? )
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where n is the current number of particles (it

is proportional to the volume of an

inclusion), m is a shape factor (=area of

t T | ¢ nucleus surface/n?/3), o is a surface energy
» per unit area, Ag, is an energy gain (per

Re I ! particle) due to a new phase formation (the
driving force of the reaction), Agg is an
GROWTH elastic energy. If Age 2 Agy, the nucleation

of new isolated precipitates becomes
> impossible, and old ones tend to dissolve.
DECOM-  So, on the initial stages of the IL formation
POSITION jis necessary to reduce the value of Agg to
—— — give the inclusions a chance to form. But
NC B Go & O after the formation of a cluster of inclusions
COMPREBSION STRESS -» having an infinite size (ng,—oc), the role of
Agg should vanish.

FIGURE 2: Qualitative dependence of the critical radius Rcr of the precipitates on stress created
by the silicon matrix (external and internal). T and C are tensile and compressive stresses,
respectively.

The elastic energy (for arigid inclusion with an ellipsoid shape) may be presented as:
Age = 2Ume?/3vm)-E(y/R) = Peff-g )

where Hy, is the shear modulus of the matrix (silicon), €=v-vy; is the volume
mismatch, vy and v are the volumes of the old and the new phase, respectively, E(y/R)

is the inclusion anisotropy function [10], {R,R,y} are the ellipsoid half-axes. If y=R
(sphere), then E(y/R)=1.

For smaller values of y (disc-like inclusions), E(y/R)=y/R. Peff may be treated as some
effective pressure (compressive in the case of SiOj precipitates in Si) which depends
both on the matrix reaction and on the shape and dimension of the inclusions. It is
possible to reduce this pressure by means of (i) an increase of the annealing temperature
(ULm—0) - this is the classical way to do it; (ii) the introduction of small radius
impurities or vacancies (Fig. 2) - this results in the creation of an opposite sign stress
field which is equivalent to a decrease of €; (iii) a change in the shape of the precipitates
because a disk-like shape is more favourable (Fig. 3), (iv) if R—>e0 but remains finite
(by means of 8-doping, or through the creation of a highly defective implanted layer 2n
the layer-by-layer 1D growth may be realized from the very beginning, and in this case
E(y/R)—0 as well (Fig. 3).

On the other hand, the application of compression stress after the inner single-phase
sublayer creates favourable conditions for the complete decay of small isolated spherical
inclusions (Fig. 2) and leads to a pure layered subsequent 1D growth (Fig. 3). According
to computer simulations, the right side of the IL is formed under oxygen surplus
conditions during the annealing, but vacancies predominate at the left side.
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i Q As a consequence, an asymmetrical IL
l' is observed: its left side contains small
S p ﬂ inclusions, but the right side consists

of large but stressed precipitates
because of the relaxation of stress is
difficult (Fig. 4). SIMS data support
this conclusion (Fig. 5). According to
the simulations, some changes of the
stress distribution over the sample is
predicted in the central part of the IL
when the continuous layer begins to
form (Fig. 4).

G (compressive)

FIGURE 3: The dependence of (layer sharpness)’1 =8/d (solid lines) on the compression stress
o, at different concentrations Njy,,; of implanted O* (isoconcentration curves) according to
computer simulation. The N;p,; value increases with the curve number (1-5). a) IL
configuration: d is the thickness of an uniform part of the layer, 8 is a width of a region where
isolated inclusions remain; b) {0 - Nyyp1} region of the diagram, where the precipitation is
impossible; ¢) and d) {0 - Nipp1} regions where 8/d>0 (smooth IF); €){0 - Nipp} region of
predominating 1D growth. The dashed line separates the regions of predominating layered
{B} and spherical {A} growth.

The elastic free energy of a system
decreases and so further deformation of the
sharp dielectric layer becomes energetically

+ c T T C unfavourable. Beside this, confinement
to "—'C:,'\‘]A ] effects take place in the IL [!!]. In order to
- o avoid this, both buried nitride and back

° o 2001 10
*,000 00

*29000 #0°

oxide layers may be used, as it was
demonstrated in the third experiment. It
should be noted, however, that the average
stress produced by wafer bending is nor
sufficient for respective transformations.
For this reason the true mechanism should
be connected to the stress concentration
near the isolated precipitates right after
0 200 0 00 800 their formation. So, only a flat Iayer

DEPTH.NM—~> formed from coagulated plate-like
inclusions begins to grow in a silicon
matrix under these conditions.

FIGURE 4: The IL configuration and stress didtribution according to simulation. C, T and R-
are compressed, tensed and relaxed regions. 1: R(z) distribution of the precipitate radius; 2:
weakly bonded oxygen; 3: vacancy distribution; 4: stress distribution. Right-side
precipitates are larger and more compressed than left ones. Here, the oxygen concentration is
higher than the vacancy concentration.
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5. Conclusion
Using computer simulation, some perspective

A: 1-81%(zD) B approaches based on stimulated technology

1 B: 2-0*/8i*(x1000) were demonstrated. The proposed approaches
I+, 3-8i0t/8it(2200) ™10 Jllow one to control such parameters of the
a : buried layer as its localization and thickness,
,’,‘ .10 2 | the sharpness and the qual.ity of the interface,
u . and so on. Results predicted by computer
n L5 simulation are confirmed by SIMS and Auger
% L depth profiling experiments. The proposed
s 5 | methods for the control of the insulating
P - buried layer are promising for the fabrication

0 | b | e1 4 l. ! f .J:O of high-speed IC's and for different

applications in the field of vacuum

o 200 400 600 microelectronics (field-emission cathodes, ...).

DEPTH, NM—?
FIGURE 5: SIMS data for the insulating layer configuration. At the right side increased values
for the SiO*/Si* ratio are observed (indicator of a disordered SiO, matrix). O*/Si is correlated
with the unbonded oxygen distribution.
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BEHAVIOUR OF OXYGEN AND NITROGEN ATOMS SEQUENTIALLY
IMPLANTED INTO SILICON

A.B. DANILIN

Centre for Analysis of Substances, Moscow Physical Society
9, Elektrodnaya St., 111524 Moscow, Russia

This paper is a brief review of recent experiments dealing with elaboration of a new
SOI technology based on sequential implantation of oxygen and nitrogen ions into
silicon. We have shown that annealing causes mutual redistribution and coaggregation
of the atoms. Implantation with similar energies of ions ensures a high efficiency of
ion beam synthesis in a thin layer, produces a buried dielectric layer at lower
implantation doses and requires shorter annealing time and lower temperature than for
SIMOX technology. The process of heterogeneous ion beam synthesis proves to be
quite sensitive to the parameters and conditions of implantation and annealing.
Methods of optimising ion beam synthesis have been proposed. The phase composition
of the dielectric layers has been characterised.

1. Introduction

The high performance, small size, and stability against temperature and radiation
effects which is inherent to IC based on thin SOI structures show good promise for
microelectronics [1].

At present, the basic technique of SOI fabrication is SIMOX. However, the
necessity of superhigh implantation dose and long-term, high-temperature annealing
(1300-1405 °C and more than 5 h [2}) drastically increases the cost of SOI structures
and, hence, precludes their general use in IC fabrication.

Therefore, it is a pressing problem to find an alternative technique for producing
buried dielectric layers. Recently, a number of studies have dealt with low-dose
synthesis of SOI structures by SIMOX [3-6]. This technique imposes a number of
limitations; in particular, it requires a long-term high-temperature annealing. The
desired structural perfection of superficial silicon layers requires oxygen implantation
temperature be not lower than 500 °C {7]. In turn, the high implantation temperature
produces silicon oxides directly during implantation [8]. The coalescence of the
microprecipitates into a continuous SiO, layer requires long-term annealing at
temperatures close to the silicon melting point [9]. The other limitation is caused by
the fact that during high-temperature annealing which follows the low-dose
implantation, the coalescence of microprecipitates and single atoms in the buried SiO,
layer involves the formation of large silicon precipitates [10], which increase the
leakage currents and reduce the breakdown voltage of SOI structures.
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This work considers SOI fabrication technique with low implantation doses by
sequential implantation of oxygen and nitrogen atoms. The technique is referred to as
SIMON (Separation by IMplanted Oxygen and Nitrogen).

2. Results and Discussion

We consider ion beam synthesis of a new phase buried layer. Let us assume that a
continuous layer of the phase is to be produced the thickness of which is considerably
smaller than that of the impurity concentration profile. For conventional ion beam
synthesis using ion implantation, the concentration of reactive impurity in a large part
of the layer is sufficient for the formation of a continuous layer during subsequent
annealing. This method can be spoken about as a stoichiometric synthesis. However,
substoichiometric ion beam synthesis is the best tool for lowering the implantation
doses. During this process, implantation provides for only the formation of stable new
phase precipitates, and the continuity is achieved during annealing due to the mass
transport from the concentration profile "wings" to the center (Fig. 1). P.L.F. Hemment

concentration

depth

Figure 1. Redistribution of implanted impurity during annealing.

et al. [10] were among the first to propose this synthesis technique. If one
implantation-annealing cycle fails to produce a continuous layer, the cycle should be
repeated. Since the surplus oxygen atoms are removed from the SiO, phase during
annealing and are then involved into the phase formation at the Si-SiO, interface {11],
the process can easily be performed. However, the first attempts at accomplishing ion-
beam synthesis in one implantation-annealing cycle failed because, due to the different
specific volumes of SiO, and Si, the formation of the dielectric phase occurred in the
layer where vacancial-type defects were generated, this layer being at a smaller depth
than the oxygen concentration profile maximum. Thus, there were two SiO, precipitate
layers, and it was quite difficult to produce a single continuous layer [10]. Naturally,
one could lower the implantation dose in order to reduce the supersaturation at the
main concentration maximum and to enhance the effect of the radiation defects. In that
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case the new phase formed in the layer where the radiation defects were generated [12],
but the required number of implantation-annealing cycles became very large and
hindered the commercial use of the method. It seems to be promising to use
substoichiometric ion beam synthesis at low implantation energies in order for the
defect and impurity concentration maxima to be closer to each other.

It appeared that substoichiometric ion beam synthesis, which is mainly based on
mass transport of a reactive impurity to the phase formation region, can easily be
performed by sequentially implanting oxygen and nitrogen ions.

The nature of this phenomenon is that these atoms coaggregate in silicon during
annealing [13]. However, the effect also occurs if oxygen and nitrogen are implanted
into silicon with doses sufficient for phase formation [14]. Figure 2 presents
concentration profiles of oxygen and nitrogen implanted into silicon at energies of 150
keV for oxygen and 100 keV for nitrogen and doses of 6:101¢ and 4-10¢ cm?2
respectively, and annealed at 1200 °C for S min in a nitrogen atmosphere. It can be

Concentration (arb. units)

0 200 400 600
Depth, nm

Figure 2. SIMS depth profiles of oxygen and nitrogen.

seen (Fig. 2) that annealing leads to an intense mutual redistribution of nitrogen and
oxygen. The nature of this effect has not yet been understood, and we therefore present
data from the literature based on which some models can be proposed:

(1) Oxygen precipitation is enhanced by nitrogen [15];

(2) Nitrogen and oxygen dissolved in Cz-Si mutually redistribute and coaggregate
[13];

(3) SiO, phase formation produces surplus interstitial silicon [16];

(4) Nitrogen which segregates onto interstitial-type defects may stabilise them [17];

(5) Oxygen atoms may leave the solid solution and segregate on interstitial-type
defects [18].
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These facts suggest the following model. The behavior of oxygen and nitrogen ions
sequentially implanted into silicon with substoichiometric doses largely depends on
radiation defect reactions. Assuming that nitrogen may neutralise the effect of
interstitial-type defects on oxygen, one reasonably concludes that oxygen precipitation
and SiO, phase formation are the most probable in the nitrogen-rich layer. The
precipitates are sinks for unbonded oxygen atoms which migrate toward these centres
through large distances. Moreover, if the nonstoichiometric silicon nitride precipitates
which form during implantation are sources of elastic strain, then vacancial-type
defects, including A-centres, will move toward the precipitates. These are the major
effects causing oxygen to migrate toward nitrogen-saturated regions. In turn, nitrogen
atoms segregate at the Si-SiO, interface [19], and, hence, a large amount of nitrogen
moves toward the oxygen concentration maximum. One may also assume that nitrogen
atoms may be captured by interstitial-type defects forming near the SiO, precipitates
due to the generation of interstitial atoms during oxidation. These effects may cause
nitrogen migration toward the oxygen concentration maximum. Since the silicon
nitride precipitates which form during implantation [20] are diffusion barriers for
unbonded impurity atoms [21], it is reasonable that the impurity mass transport toward
the nitrogen concentration maximum is less intense.

The mass transport of oxygen and nitrogen toward their concentration profile
maxima during annealing is the most intense if the implantation energies of the ions
are similar (Fig. 3) [22]. One may assume that the redistribution is due to both the
well-known coaggregation, whose role is doubtlessly great at an early stage of
synthesis, and the fact that the new phase also acts as an inner self-supporting getter.
There are indications [23] that oxygen atoms hinder the Si;N, crystallisation. On the
other hand, silicon-nitrogen compounds are a good diffusion barrier [20] and preclude
the redistribution of unbonded silicon and oxygen. The system is, therefore, fine-
grained, and, due to the high total area of the interfaces, it is a good impurity getter

W

N

—
()

5. 3,
[ !

o—
<o
N

Concentration (arb. units)

—

| LN
0 200 400 600

5=
o

Depth, nm
Figure 3. SIMS depth profiles of oxygen and nitrogen implanted with 150 keV and doses of 1 10'7 and 510"
cm?, respectively (annealing 1200 °C for 2 h in a nitrogen atmosphere)
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and provides for an intense mass transport of reactive species to the phase formation
region. In turn, oxygen and nitrogen mass transport allows the fine structure to be
retained. Apart from the high efficiency of this synthesis mode, its additional
advantage is the fact that the blocking of the unbonded silicon atoms by the forming
compound avoids the formation of large precipitates that would deleteriously affect the
insulating properties of the buried layer.

The model has been experimentally tested. Buried dielectric layers of complex
composition were produced by sequential implantation of oxygen and nitrogen ions
into silicon at an energy of 150 keV and a total dose of (4-6)-1017 cm2. The structures
were annealed at 1200 °C for 2 h. Electron microscopic data showed the dielectric
layer width to be 0.18 to 0.21 pm. The interfaces were sharp, and the dislocation
density in the superficial silicon layers was max. 107 cm2. XPS study revealed the
chemical composition of the buried layers. These were disordered molecular networks
of silicon tetrahedra, in which oxygen and nitrogen were randomly distributed in
accordance with their concentrations [24]. Measurements made at 10 V over the 20-
100 °C range showed the dielectric strength of the buried layer is about 5-106 V/icm
and the leakage current density under 10~ A/cm?2.

The main obstacle to the practical use of oxynitride layers has been the high
donor concentration in the superficial silicon layer (about 1017 cm3) leading to a high
free electron concentration [25]. The problem was solved by optimizing the O/N dose
ratio and implantation temperatures for both ions. In recent SOI structures, the free
electron concentration does not exceed 2:101¢ cm™3, but for the best samples it was
7.5-1015 cm™3 [26].

MIS structures were made with 200x50 and 200x30 pum gates formed from highly
doped polycrystalline n-type silicon. A contact to the silicon layer was made with a
highly doped n* silicon region surrounding the gate electrode and aluminum was
melted into this contact layer. This form of contact corrects for effects due to spreading
resistance of the superficial silicon layer and the capacity of the surface space charge
region.

Measurements showed that SOI MISFET devices with a buried silicon oxynitride
layer exhibit normal characteristics. The threshold voltage variation is less than 10% at
temperatures up to 160 °C and with gamma radiation doses of 10° rad. The
corresponding values for conventional MISFET devices are only 80°C and 5103 rad
[26].

This ion beam synthesis of buried dielectric layers proved to be very sensitive to
parameters and conditions of implantation and annealing, their choice being therefore
important for commercially suitable SOI structures. The major requirements are as
follows.

(1) Oxygen should be implanted the first. Otherwise, its ions will be included into a
layer containing substoichiometric silicon nitride, which is a good diffusion barrier.
The buried layer will therefore be porous, its outer interface will be rough, and the
superficial silicon layer will be much damaged (Fig 4, a). Cycle ion beam synthesis,
which is attractive at a first glance, is inefficient for the same reason (Fig. 4, b) [27].
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Figure 4. Schematic of typical XTEM images of specimens obtained using (a) sequential implantation of nitrogen
and oxygen (nitrogen implanted the first) and (b) cycle synthesis.

(2) The optimum ratio of nitrogen and oxygen implantation doses depends on
implantation energy, and at an energy of 150 keV it usually ranges from 3 to 5.

(3) Implantation temperature should avoid SiO, precipitation both during
implantation and annealing since the precipitation makes the layer inhomogencous
and incontinuous [28]. Thus, implantation temperature should not be higher than
400 °C. On the other hand, to avoid saturation of the buried layer with vacancial-type
defects and SiO, precipitation during annealing, implantation temperature should be
higher than 300 °C.

(4) Annealing temperature and time should be sufficient for complete mass
transport of impurities to the phase formation region and should provide a sufficient
structural perfection of SOI structures. On the other hand, these parameters should
preclude crystallisation of the buried layer, which would eliminate its insulating
properties. The best annealing mode is 1200 °C for 2 h.

(5) The best annecaling atmosphere is an inert gas with max. 10% oxygen. During
annealing, oxygen atoms of the medium diffuse to the outer interface of the buried
layer and, being involved into the ion beam synthesis, increase the structural perfection
of this interface [29].

3. Conclusion

The behaviour of oxygen and nitrogen atoms implanted into silicon (coaggregation)
and the phase formation process, during which the buried dielectric layer acts as an
efficient getter, facilitate SOI formation.
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SOI FABRICATION BY SILICON WAFER BONDING WITH
THE HELP OF GLASS-LAYER FUSION

N.LKOSHELEV, A.LERMOLAEVA, V.Z.PETROVA
Moscow State Institute of Electronic Engineering,
103498 Moscow, Russia

Silicon-on-insulator (SOI) technology by silicon wafer bonding with the help of the
specially synthesized glass dielectric with the thermal expansion coefficient matching
that of the single-crystal silicon has been considered. Selective electrochemical
etching was used for the device wafer thinning.

1. Introduction

Wafer bonding is one of the leading techniques for the formation of SOI structures,
because of the high quality device silicon layer and the flexibility in controlling the
thickness of the insulating layer.

The wafer bonding method is based on bonding of the support silicon substrate.
with the device wafer through the dielectric layer and subsequent thinning of the
device wafer up to the required thickness by chemomechanical polishing and
selective electrochemical or chemical etching (bond-and-etch-back silicon-on-
insulator- BESOI) [1-3].

Silicon wafer bonding can be realized with the help of the activated by special
processing thin SiO; film [1-3]. However, especially high quality of bonding silicon
wafer surfaces is required to receive high integrity bond by this method. Besides this
method does not permmit dielectric layers thicker than 2 jpun because of the
considerable mismatching of the thermal expansion coefficient (TEC) of Si and SiO,.
For high-voltage devices it is desirable to have a thick insulating layer between the
support substrate and the device silicon layer.

Another perspective method of bonding silicon wafers is based on the application
of multicomponent glass dielectrics with TEC matching that of single-crystal silicon
and lower flow temperature in comparison with SiO; [1,2,4].

The latter method was used in present work. Selective electrochemical etching
was used for device wafer thinning.
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2. Experimental

A specially developed glass dielectric in system BaO-AlO; -SiO; - glass BAS-35-
was used for the fabrication of SOI structures. In order to receive high purity of glass
materials their synthesis was conducted in the inductive furnace in the platinum-
rhodiume crucible and in RF inductive plasmatron. The main properties of glass
BAS-35 are represented in Table 1.

TABLE 1. Main properties of glass dielectric BAS-35

Thermal linear expansion coefficient 35107 K!
Flow temperature 1100 °C
Resistivity at 20 °C >10" Q-cm
Breakdown voltage of thin films at 20 °C 8-10° V/iem
Dielectric constant at 20 °C and 1 MHz 8
Dielectric loss tangent at 20 °C and | MHz 20-10°*

Developed glass diclectric BAS-35 have the thenmal expansion coefficient
matching that of the single-crystal silicon that permits to obtain stressless dielectric-
silicon structures with the camber nearly zero. Differential thermal analysis and X-
ray diffraction investigation showed that dielectric BAS-35 is noncrystallizable glass.

Highly Sb-doped (111) silicon wafers (p=0.01 Q-cm) with the low-doped epilayer
(P-doped, p= 1.0 Q-cm) with 3-10 pun thickness were used for the fabrication of SOI
structures. SiO, film (0.5-1.0 pum thickness) was formed by chemical vapor
deposition on the initial epiwafer. Next, glass BAS-35 films (0.5- 4.0 pm thickness)
were deposited by RF magnetron sputtering on the epiwafer and the support silicon
substrate. Targets used were 120 mun diameter disks of glass BAS-35. Substrate
temperature during the deposition was 200° C. The total atmosphere gas pressure
(Ar+20%0, ) was 0.1 Pa. A typical deposition rate was 15 nm/min. The électron
probe X-ray microanalysis was used to determine the glass layer composition. It was
found that the composition of the glass layers was almost equal to that of the target
within 5% accuracy. X-ray diffraction analysis indicated that the as-deposited and
annealed (800-1200° C) glass layers were amorphous.

After that the epiwafer and the support silicon substrate were bonded in the
diffusion furnace at 1100-1200° C and pressure of 10 Pa using special fused quartz
fixture.

In order to investigate the quality of the bonds SEM investigations of a cracked
wafer were performed. No microscopic voids could be observed. It was impossible to
observe any interfaces between the insulating layer and the silicon layer.

Preliminary device wafer thinning was realized by grinding and chemomechanical
polishing. The remaining n* -layer (10-30 pum thickness) was removed by selective
electrochemical etching based on different rates of anodic dissolving of n* - and n-
type silicon in HF-based electrolytes [5].

Electrochemical etching was realized in the aqueous-ethylene glycol solution of
HF by electropolishing of the low-resistivity substrate. The introduction of ethylene
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glycol into the electrolyte substantially displaces the electropolishing region of the n-
type epilayer to higher potentials and permits to combine in one electrochemical
process etching of the n*-type silicon substrate and polishing of the low-resistivity n-
type epilayer. Figure 1 represents voltage-current characteristics of highly Sb-doped
(p= 0.01 Q-cm) and low-P-doped (p= 1.0 Q-cm) silicon in the 5% HF aqueous-
ethylene glycol solution.

Selective electrochemical etching was realized using potentiostatic condition and
the anode-cathode voltage of 7V. As can be seen from Figure 1 in these conditions
anode dissolving current of the low-doped silicon is two orders of magnitude lower
than that of the highly doped silicon. In order to provide full etching of the n*-layer
on all surface of the device wafer electrochemical etching was realized with gradual
dipping of the structure into the electrolyte (1-5 mm/min rate depending on n*-layer
thickness) by a special mechanism. After electrochemical etching transient layer was
removed by chemical etching in the solution of HF, CH;COOH and KMnO, ,
reducing the silicon film to the desired thickness.

3. Experimental results

SOI structures of 76 and 100 mm in diameter were obtained by silicon wafer
bonding and selective electrochemical polishing for device wafer thinning. The
silicon device layer was within the range of 1-10 um thickness with the total
thickness variation not exceeding 10% across the whole wafer. The thickness of
insulating BAS-35 layer was 1-8 yum, while the thickness of masking SiO; layer- 0.5-
1.0 wun. The presence of masking SiO; layer in silicon structures obtained prevents
the glass component diffusion into the device silicon layer. The warpage value of
SOI structures obtained was no more than 20-30 pum. It must be noted that in order
to obtain the silicon film with high uniformity of thickness and quality of the surface
it is necessary to use initial epitaxial structures with donors concentration in the
wafer not lower than 3-10'® cm™ and in the epilayer not higher than 2-10'° cm™ .
Another necessary condition is high structural perfection of using the epiwafer.

Structural quality of thin isolated silicon layers in SOI structures obtained was
estimated by the analysis of RHEED patterns and rocking curves. RHEED patterns
from the surface of the initial epitaxial structures and silicon layers of SOI structures
are similar. Figure 2 represents rocking curves with respect to (333) plane (Cuk, -
radiation) from the n-layer surface of initial epitaxial structure and silicon films (10
pm thickness) of SOI structures. The full width at half-maximum (FWHM) of
rocking curves of the initial epitaxial structure n-layer and SOI structure is 15" and
30", respectively. The heat treatment of the SOI structures at 1200° C (30 min)
reduces rocking curve FWHM up to 25". Small values of FWHM of rocking curves
are evidence of the low defect density in SOI device layer. Etch pit densities in the
silicon layers produced was 5-10° cm?
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Figure 1. Volage-current characteristics of silicon:
1) Sb-doped, p= 0.01 Q-cm,
2) P-doped, p= 1.0 Q-cm.
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Figure 2. Rocking curves of SOI device layers:

1) initial epitaxial structure,
2) as-fabricated SOI structure,
3) heat treated SOI structure (1200° C, 30 min).
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The electrical characteristics (resistivity, majority carrier mobility) of SOI device
layers were in good agreement with the initial epitaxial layers parameters.

4. Conclusion

Technological processes for high quality SOI structure formation by silicon wafer
bonding with the help of glass-layer fusion and subsequent device wafer thinning by
selective electrochemical etching have been developed. The device single-crystal
silicon layer thickness in SOI structures developed is in the range from 1 to 10
microns.

Obtained SOI structures can be used for the fabrication of high-voltage, high-
power, high-temperature and radiation-hardened integrated circuits.

The developed technological processes of bonding silicon wafers and selective
electrochemical etching of n/n* -epitaxial structures can be used for the fabrication of
thin silicon membranes and cavities or channels in silicon for sensors and other
micromechanical devices.
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CRYSTALLIZATION OF a-SI FILMS ON GLASSES BY
MULTIPULSE-EXCIMER-LASER TECHNIQUE

A.B.LIMANOV
Institute of Crystallography, Russian Academy
of Sciences, Moscow 117333, Russia

1. Introduction

Excimer-laser recrystallization is one of the best suitable processes for large-area-
electronics applications [1-3]. A short pulse of a highly absorbed excimer laser
heats a-Si film and causes its melting and further transformation to poly-Si mate-
rial without noticeable heating of substrate. Such a process is of importance when
one deals with ultrathin a-Si films on inexpensive glass such as Corning 7059.

In this paper, we present experimental results on multipulse-scanning crystal-
lization of a-Si films by long and narrow beam of excimer laser. Possible mecha-
nisms of excimer crystallization of a-Si films are discussed. To clarify the mecha-
nisms, the results of numerical simulation of the process are presented.

2. Crystallization Technique

Corning Glass 7059 substrates were used in these experiments. To decrease the
temperature in the substrates and to avoid damage, a buffer layer of SiO2 or SigNy4
of thickness 200nm was deposited on them. A-Si films of thickness about 40nm
were deposited on the substrates by PECVD process. We used the a-Si films with
high (a-Si:H) and low (a-Si) hydrogen content (the latter were prepared from the
former ones by annealing at 450°C in vacuum [4]).

XeCl excimer laser having pulse duration 30ns, pulse energy about 200mJ,
and repetition rate up to 40 H z was used. To obtain a large area film with uniform
microstructure without regions of line-to-line overlapping, a laser beam incident
onto the sample was transformed in line 1 to 2mm width and several centime-
ters in length [4]. Along the line a laser radiation was uniform, its distribution
in cross-section was close to Gaussian one. The pulse energetic was attenuated
by neutral density filters. The sample was scanned under the beam in Gaussian
direction with velocities about 0.5mm/s in air ambient at room temperature. In
such a way, each point of Si film was treated by a pulse sequence having increasing
energy, then decreasing one. A shot density was about 100 pulses/point. Mi-
crostructure of grown films was studied by TEM. Film uniformity was tested by
Raman-spectroscopy.
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3. Experimental Results

After a single passage of the laser beam across the substrate, a broad line was
recrystallized. The line of several cm in width had relatively uniform polycrys-
talline microstructure, as it was confirmed by Raman measurement. Grain size
depended on energy density (E) of the laser pulses. The higher E, the larger
grains were formed in the films. However, over some threshold of energy density
(Em), grown films contained amorphous material with separate large grains. In
this case, a roughness developed on film surface, and voids were formed in the film.

Figure 1. Microstructure of grown films.

The results obtained at values E below E,, are present in Fig.1 for a~-Si:H (a),
and a-Si (b) films. Grain sizes are 50 — 80nm for (a) case, and 200 — 500nm for
(b) one. It should by noted, that E,, for a-Si films was higher then E,, for a-Si:H
films. The microstructure of grown film obtained at E over E, is shown at Fig.1c
for a-Si:H layer (This result is similar to that obtained for a-Si films at slightly
higher energy). Large grains of width up to 500nm, separated by amorphous
material, are seen here as striped. Dark round stains are protrusions formed due
to an expansion of the material frozen at a last moment. We believe that its reflect
density of solid phase nucleation in the melt.

4. Crystallization Mechanisms

There are three most important concerns in excimer crystallization of a-Si films:
high hydrogen content, control of seeding, and high undercooling of the melt.

4.1. HYDROGEN IN AMORPHOUS Si FILMS

Rapid evolution of hydrogen into a-Si:H films provides voids and microcraters
in grown films [1]. In general, hydrogen, as well as oxygen and nitrogen, may
deteriorate wetting conditions of the melt, and decrease the value of E,,. For
example, the best result in excimer crystallization of a-Si films (channel mobility
up to 329¢m?/Vc) was obtained by especially decreasing of the gases content [2].
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4.2. CONTROL OF THE SEEDING

The problem of seeding is connected with threshold energy density E,,. It is
considered [5] that a thin bottom a-Si layer remains unmelted when the energy
densities are below £,,. Unmelted material provides seeds for crystal growth: it
is shown [6], that liquid-amorphous interface is a preferable place for heteroge-
neous nucleation of crystalline phase under the process conditions. In this case,
grain sizes are determined by competitive grain growth up to a film surface, and
are limited by a thickness of the film. Unmelted bottom part of the film is too
transformed into crystalline state by explosive crystallization [7].

Separated islands of unmelted materials at the film substrate interface are
considered as best condition for seeding [5]. (It is also important that the islands
cement the film to substrate and prevent a transport of liquid material, that is
possible in completely melted films.) The grain sizes are determined here by a
distance L between the islands. The bigger L, the larger are the grain sizes. A
value of L may by controlled by appropriate choice of energy density of laser
treatment. On the other hand, if L is too large, the melt between the islands
have a time to cool down strongly during lateral film growth, and amorphous (or
fine-grained) phase is formed between large grains [5], as it is seen in fig.1c. (In
this case, L should be smaller than the distance between the dark stains.) The
formation of amorphous (or fine-grain) phase between the islands may be reduced
or even prevented by substrate preheating [2,5].

4.2.1. Influence of Wetling Conditions on Survival of the Seeds.

Survival of seeds-islands during film treatment, as well as value of L should be
strongly determined by wetting conditions of the melt. The wetting controls a
contact angle at a meeting point of melt, substrate, and edge of the island, and,
hence, control a curvature of island surface. According to the Gibbs-Thompson
effect, melting point of convex surface of silicon is lowered for a value AT as it is
shown by eq.(1):

AT =T,,T/R, (1)

where T),, is the equilibrium melting point of Si, T is the capillary constant (I' =
v/L = 10~ %n for crystalline Si; v is the surface tension and L is the latent heat),
R is the radius of the island.

Due to strong influence of the effect in nanometer scale, melting temperature of
the island at poor wetting may by decreased for tens of degrees. Therefore, in the
case of a-Si:H films, just-formed islands should be melted due to a high curvature
of their surface. As it is seen in fig.lc, only few island seeds are survived under
conditions when L is relatively large.

The better the wetting, the lower is the island curvature, and the higher will be
the melting point of the islands. At a good wetting, inherent in a-Si films, stable
survival of seeds is obtained at distance L as large as 500nm (see fig.15).

4.2.2. Solidification of Completely Melted Films
If a-Si film is melted completely (at £ > E,,), there are no places for heteroge-
neous nucleation in the film. A homogeneous nucleation in the melt is needed for
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crystalline growth. Some time is passed until the nucleation begins, and the melt
is cooled down to 1100 — 1200K [8]. The higher the cooling rate, the lower is
the nucleation temperature [8,9]. Under such conditions, embryo density is very
high, and grown film consists of fine-grained material. At very high cooling rates
common for film thicknesses < 50nm, an amorphous phase is formed from the
melt [10] because atomic transport is reduced due to increase of viscosity [11].

4.3. UNDERCOOLING OF THE MELT

The third problem is attributed to an energy stored in amorphous Si. The en-
ergy lowers melting point of a-Si, T,,, up to 1440K. Therefore, after a-Si melting
the melt become undercooling on 245K in respect to melting point of crystalline
Si, Tone = 1685K. Under such conditions, an interface-propagation velocity is
controlled by crystallization kinetics [11] rather then by heat dissipation into sub-
strate (e.g., the velocity is determined only by interface temperature and may reach
15m/s5). As a result, crystallization here proceeds under extremely nonequilibrium
conditions, when any substantial enlargement of grains is impossible.

4.4. ADVANTAGES OF MULTIPULSE TECHNIQUE

The problems listed are of special importance for single-pulse excimer crystalliza-
tion of a-Si films. The problems can be also solved by multipulse crystallization
technique when each point of the film is treated by a sequence of pulses with
increasing energy density E. This approach is realized, for example [1,3,4], by
scanning of sample along the beam having Gaussian (or stepped one) energy den-
sity distribution as it is used in this paper. It should be noted that each pulse
of the pulse sequence is energetically independent: the film has sufficient time
between the pulses to cool down to an initial temperature. In the same time, dif-
ferences of hydrogen content and of film microstructure caused by previous pulses
are principal factors in the technique. For example, hydrogen content of a-Si:H
film in a given point is decreased after first pulses of the treatment [1,3], and
further hydrogen release does not influence strongly on grown film quality.

In order to provide seeds for film regrowth, the energy density of the most
energetic pulse should be chosen just slightly lower then E,,. Such a pulse melts
the film on maximum depth and, hence, determines, in general, microstructure
of the film. It is important that previous pulses have already transformed a-Si
film into crystalline state, either by cycles of melting-solidification or by explosive
crystallization [7]. Therefore, the pulse melts Si film at a temperature close to T},,.,
and film regrowth begins at this temperature. As a result, crystallization velocity
is controlled by heat dissipation into the substrate, and film growth proceeds here
under most equilibrium conditions as far as it is possible during excimer processing.

5. Simulation technique

We will consider one-dimensional heat flow inside the layered structure of 50nm
a-Si film on glass substrate. The a-Si film is divided for 10 sublayers of equal
thickness m;. Upper part of the substrate is divided for five unequal sublayers: a
thickness m; of the first sublayer is chosen to be 20nm, a thickness of each next
sublayer in five times larger then previous one. M is the number of last sublayer.
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Temperature field T;; of the column m; is determined by eqs. (2) written here
in finite-differences formulation:

AT j-1, Ak -1 /Amj 1 + AT, j11,j8kj41,5/ By 5+
+pij = AT i41;m;Cs 5 /At + Vy Ly; (2)
Vo = F(Tij — Tm);
AT; o,-1Ako,~1/Amo, -1 = 0;T; m41 = To;
To,; = To;

where k is the thermal conductivity, C is the specific heat, L, is the latent heat
of current phase. Tj is the environment temperature (300K). The materials data
are depended on temperature, and on phase state as well as on state fraction in
partially melted cells. These data are chosen from paper [12].

Velocity of growing interface V, is determined by the interface response func-
tion, which has been analytically obtained by Stiffler et al. [11]. According the
function, as T deviates from T, V] increases; then as temperature decreases V;
increases up to maximum about 15m/s at 1500K, then V, decreases to zero at
1000 or at 1100K depending on parameters chosen by authors of [11].

Laser-pulse power is considered as linear dependence of time in first duration
w (w = 30nc), then as Gaussian one. w is HWHM of power distribution. Power
heat source p; j is determined by film surface reflectivity and by absorption in the
sublayers.

6. Simulation results

Simulation results of separate acts of melting-solidification processes are presented
in fig.2. The temperature fields are shown as isotherms. Power profile of the laser
pulses are presented in the same temporal scale in upper part of drawings. The
isotherms cross 10 sublayers of Si film as well as a half of the first substrate
sublayer. The isotherms are different on 50°. Some values of them are presented
in drawings. Stepped lines show liquid-solid interfaces. Dotted ones are isotherms
of Ty, for fig.1a,b, and of Ty, for fig.1c. Let’s consider processes discussed above.

Identical features of the processes may be seen in figs.2. A rapid heating of
solid Si films is significantly retarded during the films melting due to a latent
heat release. This effect stabilizes the films temperature during crystallization.
A temperature of propagated interfaces is not constant, and stepped lines of the
interfaces are shifted from Ty, (T}..) isotherms due to kinetic effect. The shift
is seen most markedly in a case of crystalline film (fig.2c) because of the ther-
mal conductivity of ¢-Si (about 0.25) is higher than one of amorphous material
(0.025W/cm?K).

In fig.2a, one can see melting of a-Si film down to bottom part of last Si sublayer
followed by regrowth of crystalline phase from unmelted part of the Si sublayer.
As the temperature in this case is close to Ty, the film regrowth begins at very
high velocity. Due to intensive evolution of latent heat during grewth of three
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Figure 2. Simulations results of treatment of amorphous (a, b}, and of crystalline (c)
Si films. Energy densities of the pulses are 220 (a), 224 (b), and 280m.J/cm? in (c) case.
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sublayers at film bottom, the temperature rapidly increases close to ;.. (Several
isotherms are not shown here because of their high density.) As a result, growth
velocity decreases to about 2m/s.

In fig.2b, a-Si film melts completely, then cools down to nucleation tempera-
ture 7;, about 1130°C. The T,, is determined here by temperature drop velocity,
according to the paper [9]. A nucleation takes place in six bottom sublayers, in
the sequence beginning from bottom sublayer. Then, a rapid growth of spherical
embryos occurred in a dashed rectangular. It should be noted, that latent heat
evolution caused by growth of embryos in first bottom layer doesn’t prevent at
first moment temperature drop of the film, because of: (1) small dimensions of the
embryos; (2) relatively low growth velocity at temperature T;,. Then, as embryos
size increase, the latent heat release increases, too, and film temperature increases
up to Tp,.. It prevents nucleation in four surface sublayers. Their growth is per-
formed by crystallization front after complete coalescence of the crystallites in six
bottom sublayers. It should be noted that, at such a low nucleation temperature
(1130°K), formation of amorphous phase from the melt is possible, too.

In the last drawing (fig.2¢), melting-crystallization process of crystalline Si is
shown. (This example presents a process of film treatment by most, energetic pulse
from sequence of pulses, when a-Si film has been already transformed into crys-
talline state.) The film is melted up to last Si sublayer followed by film regrowth
(after a crossing of interface-line and T, -isotherm). Film regrowth is controlled
by heat dissipation into substrate, and growth velocity is relatively low: it increases
from 0 (in bottom of film) to 1.6m/s close to its surface.

7. Conclusions

The results of multipulse-scanning excimer-laser crystallization of amorphous Si
films on glass substrates are presented. Relatively large-grained poly-Si films are
obtained at energy density below threshold value E,,. Grain sizes are 50 — 80nm
for a-Si:H films, and 200 — 500nm for a-Si ones.

Crystallization mechanisms of excimer-laser treatments of amorphous Si films
are discussed. A main emphasis is made on problems of hydrogen content, of
seeding control, and of melt undercooling. The influence of wetting condition on
the survival of seeds-islands at film/substrate interface is considered. The issues
of this discussions are confirmed by simulation results obtained. It is shown, that
multipulse treatment of amorphous Si films provides most equilibrium conditions
as far as it is possible during excimer processing.
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MICROZONE LASER RECRYSTALLIZED POLYSILICON
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The increasing needs in polysilicon films, those are suitable to fabricate the low-
cost microelectronic sensors and 3-D IC, stimulate the investigations in order to
improve the propertiecs of polysilicon. One of the ways to obtain the high-quality
poly-Si layers is connected with the microzone laser recrystallization. This method
allows to melt locally poly-Si films, to control both the processes of crystallites growth
and defects formation, to change the structure and parameters of ssmiconductor.

The test patterns were fabricated by the standard IC techniques. They were
developed on 0.5 um thick poly-Si layers being obtained by LPCVD-method at

625°C on thermally-oxidized p-type silicon plates with (100) orientation. The
pattern's doping by boron have been carried out by the ion implantation method. To
create the optimal temperature profile in the region of laser irradiation at the films'
surface the combined capping layer was formed, that contained 0.5 pm thick SiO ,

layer and 0.15 um thick Si;N, strips. The recrystallization of polysilicon layers

was performed in air by CW YAG laser irradiation (A=1.06 pm). In order to optimize
the technology of poly-Si on insulating wafers their treatment was carried out with
following parameters:

diameter of the molten zone, pm 100 - 150
power, W 15 -20
beams overlap, % up to 40
scanning velocity, cm/s 15
substrate temperature, °C up to 600

The treatment was performed in air by the laser beam with Gaussian distribution
of intensity [1,2].

The features of structural changes at lateral epitaxial growth with a seed

The features of the structural changes in polysilicon layers and the seed effect on
the lateral epitaxial growth of monocrystalline silicon on SiO, during the laser

recrystallization have been studied. In our case the regions of poly-Si layers having
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different dimensions and configurations and being in direct contact with
monocrystalline Si substrate were used as seeds.

The obtained results analysis showed that the seed region being affected by the
scanning laser irradiation have been molten and epitaxially  recrystallized. = The
effective  lateral monocrystalline growth from the seed region to the region of Si-on-
insulator substrate was shown to depend on the complanarity of SiO, layer as well as on

monocrystalline Si wafer. A lot of defects arise at the edge of the seed during the
laser recrystallization at the presence of the  spikes at "polysilicon-on-
monocrystal"-"polysilicon-on-SiO," interface region.

The investigation of laser irradiation influence on SOI-structure with a seed
and without antireflective layer showed a presence of essential temperature difference
between "polysilicon-on-insulator" and "polysilicon-on-monocrystalline-substrate"
regions. It was found that irradiation power that provides a good recrystallization of
poly-Si layers isn't enough for polysilicon melting through all the depth near the
seed region. It's worth noting that laser irradiation power density, being optimized
for recrystallization of poly-Si near the seed region, causes the destruction of poly-
Si layer on insulator, forming  separate agglomerates. The reason of this
phenomenon is presence of the heat removal into the substrate near the seed region. In
this case during the laser irradiation of the seced the recrystallization front
moves from the seed to poly-Si on insulator, i.e. recrystallization is initiated by
the seed. However, epitaxial recrystallization with total melting of poly-Si near the
seed takes place without continuous formation of a monocrystalline layer. This
process doesn't provide the lateral epitaxial growth of a large crystallite from the seed
to poly-Si layer on SiO,.

To carry out the lateral epitaxial growth the polysilicon layer should be melted
both near the seed and on SiO, surface. However, this can be provided in the

limited range of laser irradiation power. To obtain the uniform temperature profile
in SOI-structure we used SiO,/Si;N, layer. It allows to achieve recrystallization

conditions those promote melting of the whole poly-Si layer as at the seed regions as on
SiO, for the same power densities of laser irradiation. It was established that the seed

region has been recrystallized by forming the monocrystalline layer without grain
boundaries. While the melting zone was moved from the seed to polysilicon-on-
insulator a lateral epitaxial growth of crystallites with slope-oriented to the
scanning direction has been observed. One should note that  poly-Si
recrystallization formed the large crystallites when the seeds were parallel to the
scanning direction. In that condition the recrystallization front moved from the
monocrystalline seed region having no undesirable nucleation centers to the center
of the scanning strip. After the laser treatment of SOI structures with few seed
regions we have obtained 500x800 um2? monocrystalline silicon regions on
insulating substrate. Thus, at optimal location of the sced regions one can obtain
polysilicon monocrystalline regions on insulating substrate those are suitable to
fabricate IC elements and microelectronic sensors of physical values.
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The structure influence of recrystallized polysilicon layer on its electrical properties

The electrical properties of poly-Si-on-insulator are defined by the structure of
recrystallized material and by impurities and defects. Proceeding from that, an
attention has been paid to the influence of these factors on the surface resistance of
recrystallized layers [3] as well as on the phenomena in the boundary between
recrystallized poly-Si and dielectric, on the transport phenomena in MOS-transistors
on the basis of SOI-structures [4,5]. In consequence of the experiments carried out it
was found that the electrical properties of recrystallized poly-Si layers and the
devices on their basis depend not only on the defects number but mainly on their
distribution. In particular, the electrical properties depend substantially on the grain
boundaries orientation as related to current direction, on their localization when the
recrystallization is carried out using antireflective layer.

The specimens being boron or phosphorous implanted have been investigated by
measuring of surface resistance after the laser annealing. Fig.1,a shows the surface
resistivity dependences on the power density of laser irradiation for  solid
phase recrystallization regime. The conductivity increase is caused not only by the
crystal enlargement and electrical activation of the implanted impurities during the
laser treatment but, probably, by reducing of the recombination centers amount caused
by the density of the grain boundaries decrease.

Fig.1, b shows the measured surface resistivity of poly-Si layers as a function of
laser irradiation power at liquid-phase recrystallization. In this case the resistance
decreases with increasing of laser irradiation power. A sharp drop in resistivity is
observed for the highest irradiation powers. One could explain it by the degradation
of poly-Si layer that is confirmed by metallographic studies.

The properties of polysilicon layers essentially vary with the type of the grain
boundaries, their interaction with background and dopant impurities. These differences
are caused by the electrically active centers being created by some types of the grain
boundaries. These centers form the localized states at the forbidden band and create
the potential barriers those define the recombination, trapping and drift of the
carriers. That's why it's interesting to measure the life time of the non-equilibrium
carriers as a controlled parameter that is very sensitive to structural defects, including
the grain boundaries in recrystallized poly-Si layer.

Recombination properties of both the initial and laser-recrystallized layers on
insulating substrates have been investigated. The recombination was studied by
the life time measurement using the (r) phase method and 3 cm range microwave
frequency equipment. An excitement of non-equilibrium conduction was made by
sinusoidal-modulated red beam of He-Ne laser ( A=0.64 um, output power 10 mW).
The intensity of photoexcitement was changed by the neutral light filters.

Thus, it was established on the basis of investigations carried out that the
LPCVD-method obtained initial poly-Si layers are the fine-grained ones having the
life time of non-equilibrium carriers of 10 ps and relatively small barriers at the
grain boundaries. After the laser recrystallization the life time decreases down to
several us and the potential barriers at the enlarged grains boundaries essentially
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decrease. A dominant influence of the grain boundaries on non-equilibrium carriers
recombination is confirmed by the tg(Ad/0)=f(0) dependences (Fig.2, curves 4-
6). The life time reduction after recrystallization should be explained by the thermal
stresses and the annealed defects appearence as well as by the electrically active
grain boundaries formation during the laser irradiation. The fast cooling of the patterns
after recrystallization could cause the new grain boundaries those should have the high
densities of the boundary stated because of the non-equilibrium conditions of
their formation. However, in the patterns having practically no the grain boundaries
the effective life times of non-equilibrium carriers increase essentially.

The Hall-effect measurements showed the reduced carrier densities comparing
to calculated values. This discrepancy should be explained by the partial trapping of
the carriers at the defects of crystalline structure, at the grain boundaries mainly. In
the annealed patterns the carrier densities increase. This effect is assumed to be due to
the passivation and diminution of the trapping centers after the recrystallization.

To explain the carrier transport phenomena in polysilicon films the model has
been proposed on the basis of <t-approach, taking into account the influence of
crystallites size and layers thickness.

Therefore, the use of the laser recrystallization of poly-Si layers on insulating
substrates to develop the IC clements and microelectronic sensors could be
successfull in the case of essential reduction of the grain boundaries or of their
defined localization in order to control their densities and distribution by the laser
treatment.

The results of the investigations were applied to develop the microelectronic
devices including those on the basis of SOI-structures.
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1. Introduction

SOI technology has reached a stage of rapid and successful development. A
major condition for competing with bulk silicon in commercial applications
is the degree of understanding of material properties and device operation.
This implies the use of adequate characterization techniques which over-
come the difficulties induced by the thinness of the film and by the stacked
interfaces. Since the quality of SOI structures has great impact on the per-
formance of circuits integrated on them, device-based characterization is
very suitable for exploring the properties of the starting material.

The discussion of electrical characterization methods will proceed sys-
tematically from the wafer to the device. The pseudo-MOS transistor is
suitable for in-situ inspection of the quality of as-grown SOI wafers. More or
less conventional transport measurements can be used for determining the
carrier concentration and mobility in thin films. The MOS capacitance and
conductance techniques are far more difficult to implement in SOI, where
both the measurement and the parameter extraction are complicated by
the contributions of several interfaces. Current-based techniques are more
appropriate for thin films: the current is easily measurable even in small
area devices, the experiment can be conducted separately from the front or
the back interface, and simple single-interface models often are sufficient for
data analysis. A brief survey of the experimental set-up, appropriate mod-
els, and parameter extraction will be made for MOS—Hall profiling, charge
pumping, low-frequency noise spectroscopy, and Zerbst-like drain current
transients.
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2. Wafer Screening by *-MOSFET

The pseudo-MOS transistor (¥~MOSFET) is a simple technique which
takes advantage of the specific configuration of SOI and has the potential
of being non-destructive. The -MOSFET is based on the upside-down
MOS structure that is inherent in all SOI materials. Figure 1 shows that
the bulk Si substrate acts as a gate terminal and can be biased, through the
metal support, to induce a conduction channel at the interface. The buried
oxide plays the role of a gate oxide and the Si film represents the transistor
body. To operate in situ (without lithography and metallization) the ¥-
MOSFET, low pressure probes are placed on the film and form source and
drain point contacts [1].

Figure 1. Schematic of the pseudo-MOS transistor and typical characteristics.

In spite of the device simplicity, very pure MO SFET-like characteristics
are produced (Fig.1). The output Ip(Vp) curves exhibit a nearly ideal
behavior up to 20 V. According to the positive or negative bias applied on
the gate, accumulation or inversion channels are activated at the interface.
Typical subthreshold Ip(Vg) characteristics for n- and p-channels, strong
inversion and strong accumulation curves, as well as the corresponding
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transconductance characteristics are given in Fig.1. From these diagrams,
many useful properties may be determined for electrons and holes.
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Figure 2. Influence of the probe mass (pressure) on (a) the transconductance peak,
gmaz = fqtoCozVp and on (b) the Ip(Vs) characteristics.

The basic setup is composed of any two-probe system, connected to a
HP-4145 or equivalent pico-ameter [2]. However, for calibration purposes,
it is more suitable to use a four-point prober which frequently serves for
resistivity measurements [3]. Increasing the probe pressure gradually re-
duces the series resistances and provides more accurate carrier mobility
values. In 200 nm thick fully depleted films, it was found that the transcon-
ductance improves by 35 % as the pressure increases from 10g to 30 g, and
then saturates (Fig.2a) [1].

Larger pressures are needed in thicker or more heavily doped films
which cannot be totally depleted by applying a substrate bias. Figure 2b
shows that the influence of the pressure is quite substantial in inversion
(Ve > 0), where the tip contact to the n-channel is achieved through a
p-doped overlay and a depletion zone. In contrast, the contact to the accu-
mulation p-channel is direct and the pressure effect is much less relevant.
The spacing between source and drain probes is not critical.

The accurate modeling of the ¥-MOSFET basically requires the solu-
tions of the Poisson and Gauss equations in the film and in the underlying
substrate. In the simpler case of fully depleted films, the drain current is
governed by either the inversion or the accumulation channel and the in-
tercepts with Vz—axis roughly correspond to the threshold voltage Vr and
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flat-band voltage Vgp:

Ho
Ip = oz — Vi 1
D = foCor Ve — VT,FB)(VG Vr,r8)VD (1)

where fig is the electron/hole mobility and 8 = 6° + f,uoCozRsp > 6° is
the mobility attenuation factor. The ideal value, 89, is proportional to C,,
and can be very small (° < 0.01 V~1) for fully processed back channel SOI
MOSFETs. In the -MOSFET, the Schottky nature of the probe contacts
results in significant series resistances and larger 6 values (8 > 0.05V~1).

In a highly doped p-type film which is partially depleted, the total cur-
rent is the sum of the inversion/accumulation channel current given by
Eq.(1) and the volume current. As the depletion region shrinks, the volume
current increases linearly with gate voltage

Ip = qfgoNaVp(tsi — wq) = fopoCozVo(Vo — Vi) (2)

where wy is the depletion width and Vp is the fictive voltage that would
lead to full depletion.

The geometric coefficient f; accounts for non-parallel current lines since
it is not possible to define the width and length of the ¥-MOSFET. An
empirical value, f; ~ 0.75, was determined by comparing ¥~-MOSFET data
with four-point probe experiments performed with the same system [1].

The threshold and flat-band voltages are determined from Ip(Vg) char-
acteristics. The inversion region is discriminated from the accumulation
region by a larger sensitivity to probe pressure. In order to cancel first or-
der series resistance effects, the values of pg and Vr pp are extracted by
plotting the function Ip/,/gm versus Vg. The slope, \/fy10Coc VD, yields
the mobility for electrons or holes, and the intercept gives V or Vpp.

A simple look taken at the ¥~-MOSFET Ip(Vg) characteristics of Figs.1
and 2 is enough to detect whether the film behaves as fully or partially de-
pleted. Doping levels above 5 X 10%¢m ™3 are quite precisely determined.
The characterization of fized charges in the buried oxide proceeds from the
analysis of the flat-band voltage. The density of interface traps is deter-
mined from the subthreshold swing, S = (kT/q)(1 + C4/Cox + qD;t/Coz),
or from the difference between Vi and Vgp.

3. Transport Measurements

This section is dedicated to conventional measurements that provide basic
transport parameters such as resistivity, carrier mobility and concentration,
scattering process, etc. Although these methods are routinely used in bulk
Si, they must carefully be reconsidered for application to thin SOI films.
In response to intrinsic problems (large values of the sheet resistance, full
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depletion, in-depth inhomogeneity) and new opportunities (substrate bias
influence), more refined experimental set-up and modeling are necessary.

3.1. FOUR-POINT PROBE

The 4—point probe method is used for rapid inspection of wafer resistivity
when the “volume” of the material is not accessible and only the surface
may be probed. Two probes are dedicated to current injection and two other
probes measure the voltage drop. This discrimination is necessitated by the
existence of parasitic resistances at the metal-semiconductor contact.
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Figure 3. (a) Four-point probe sheet resistance variation in SIMOX film and substrate
against anneal temperature, and (b) spreading resistance profile in a double SIMOX
structure.

The most frequent set-up consists of 4 collinear and equidistant probes.
The outer probes are carrying the current, whereas the voltage is sensed be-
tween the inner probes. The sheet resistance Rg and the average resistivity
p are given by

Ro = £ =as53¥® (3)
tsi Il4

In undoped SOI films, the sheet resistance may be extremely large:
Ro >10°Q/0, in a 0.1 um layer of resistivity 102-10* Qcm. The require-
ment for a high impedance detection system may be met by using a differ-
ential voltmeter connected to each terminal via Keithley electrometers.

Four-point probe measurements are currently performed on as-grown
SOI structures to control the degree of contamination, the homogeneity
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across the wafer and the dopant activation. Figure 3a illustrates the gen-
eration of oxygen-related donors in early SIMOX material [4]. The sheet
resistance of the film can drop by orders of magnitude after short anneals
at 500°C and 750 °C. This verifies the presence of many oxygen atoms in
the Si film subsequent to the implantation process.

3.2. SPREADING RESISTANCE

In films that show in-depth inhomogeneities of doping and/or mobility, the
resistivity profile is determined by spreading resistance. The basic idea is
to scan laterally the resistance of a beveled sample and then to convert the
data into a vertical profile.

A low angle (< 15'-3°) bevel is prepared by mounting the sample on a
bevel block and lapping it with diamond paste. Two tungsten probes are
moved along the bevel, by steps of a few micrometers, and the resistivity is
measured at each location. A vertical resolution of about 35 nm is achieved
by 2 um steps along a 1° bevel. Higher resolutions are needed in very thin
SOI films (50-100 nm). The spreading resistance Rsg is given by

p

Rsp = — (4)
where 7 is the probe contact radius and « is a shape-dependent coefficient.
The resistivity profile is deconvolved from the resistance values measured
at each sample depth.

Figure 3b illustrates the resistivity profile in a double SIMOX structure
formed by two successive oxygen implants at different energies. Two distinct
oxides, separated by a Si region, are clearly visible. The sandwiched Si layer
has poorer quality and higher resistivity than the top Si film. Spreading
resistance measurements are currently being dedicated to the analysis of
the activation and redistribution of implanted dopants in SOI structures.

3.3. VAN DER PAUW MEASUREMENTS

Van der Pauw has extended the Hall effect theory to samples of arbitrary
shapes [5]. For resistivity measurements, the current is injected between ad-
jacent contacts and the pseudo-resistances Ry2 34 = Vi2/I34 and Rg3 41 are
evaluated. Two measurements are performed with the roles of the contacts
being shifted by a quarter of tour.

_ mtsy;  Riz3s + Rozan
Po X

" 1n2 2 x f (5)

where f is a numerical coefficient related to the ratio R‘12,34 /Ra3 41-
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The Hall coefficient Ry is determined by injecting the current through
diagonally opposite contacts and applying a magnetic field

ts; N R13,24(+B) - R13,24(—B)

Ru=7g 2

(6)

The Hall mobility is given by pug = Rp/pp. When the carrier energy
distribution is taken into consideration, the relaxation time 7(€) between
collisions must be averaged over the energy range, yielding

TH
KH = THMO Ry = p (7)
where the Hall scattering factor 7y is governed by collisions with acoustic
phonons at high temperature (rg ~ 1.18) and ionized impurities at low
temperature (rg ~ 1.93).

A major hypothesis of van der Pauw’s theory is the presence of ideal
point contacts, located at the sample circumference, over the whole thick-
ness. If the size of the contacts and/or their distance to the sample edge is
not negligible compared with the sample perimeter, corrections factors are
needed [3].

The finality of Hall effect measurements is to monitor the optimization
of SOI materials which is achieved by increasing the carrier mobility and
suppressing contamination sources. Figure 4a shows the relation between
mobility and doping observed in early SOS films [6]. A mobility degradation
in thinner layers was systematically reported and attributed to numerous
defects that subsist in the bottom of the film [7].
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Figure 4. Hall effect mobility (a) versus doping in SOS films and (b) versus temperature
in SIMOX films.
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The activation energy of residual or dopant impurities is evaluated from
Arrhenius plots, In nT~15 vs. 1/T. Hall effect “spectroscopy” may be used
to enhance the resolution. It consists in taking the first or second order
derivative of the carrier concentration with respect to the reciprocal tem-
perature [9].

3.4. PHOTOCONDUCTIVITY

A variety of characterization methods are using light as an additional ex-
perimental parameter. The illumination wavelength is selected such that
the photon energy exceeds the band-gap and causes carrier generation. In
general, the absorption coefficient « is very large compared to the thick-
ness of SOI films (a > 1/t,;) and the sample is uniformly illuminated. The
excess photoconductivity Aoy, is expressed as

qado [
Ay 22 S22 [ (i 1ypsy) (8)

where 7, ,, are recombination lifetimes for electrons and holes in a n-type film
and ¢p is the photon flux. Only a small fraction of photons are absorbed.
A global photoconductivity lifetime T, is defined to overcome the difficulty
raised by the independent variations of py, p, and 7,, with temperature:

1 9 Aoy,
qado HH

(9)

Tpe

where the temperature dependence of the Hall mobility is determined from
van der Pauw measurements under darkness.

There are many other types of experiments based on photoconductivity
principles.

— The photoconductivity decay after exposure to a short laser pulse is
monitored to determine the recombination lifetime.

— The time-of-flight technique consists in applying a narrow light impulse
near the terminal of a biased rectangular sample. The distribution of
the photogenerated minority carriers is sensed by a p-n junction situ-
ated at the opposite terminal. The time delay between carrier injection
and collection yields the mobility of minority carriers. The widened
shape of the collected pulse is a measure of the diffusion coefficient,
whereas the reduction of the pulse area accounts for the recombination
lifetime.

— The photo-magneto-electric (PME) effect combines light and magnetic
field actions. This gives rise to a longitudinal short-circuit current or
open-circuit voltage, from which the carrier lifetime can be calculated.
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— The scope of Photo-Induced Current Transient Spectroscopy (PICTS)
is to analyze the deep traps before any device processing [10].

4. Capacitance and Conductance Techniques

The capacitance and conductance techniques, frequently used for extracting
the parameters of Si-Si0O; interface in bulk silicon MOS systems, can still be
applied to the SOI capacitor structures. The conventional MOS capacitor
theory is modified to account for the top and bottom Si/SiO; interfaces
of the buried oxide. The film is biased through a metal contact (gate)
and the back of the wafer is grounded, The total capacitance C of this
semiconductor-insulator-semiconductor (SIS) n-i-n capacitor is expressed
by [11, 12]

1 dQT>‘1 1 1 1
- {I=L = 10
o= (v Cor 4 Gy T oy T 0 1 O (10)
where Cs = —dQ,/dys is the surface capacitance, Ci; = —dQ;:/dvs is

the static capacitance of the interface trap, and C,., is the buried oxide
capacitance. We consider the case of a negative gate bias which tends to
accumulate the upper interface and deplete the bottom interface. It is ap-
propriate here to define a coupling factor Ko

. d¢32 _ CsB + Cit3

_ _ Ut Cis 11
2T dies Cs2+ Cir2 (1)

K

which yields )
1 _ 1 4 1— K, (12)
CT Co.z'g Css + Cita
According to Eq.(12), the equivalent circuit of a SIS capacitor reduces to
a MOS-like equivalent circuit. For K3 = 0, there is no charge coupling
and the equivalent circuit for a SIS capacitor is identical to that of a con-
ventional MOS capacitor. The interface trap capacitance is derived from
“low-frequency” measurements

1
Cozg

The conductance method can also be employed for determining the in-
terface trap density in a SIS capacitor operated in the depletion region [11].
The parallel branch of the equivalent circuit is converted into a frequency-
dependent capacitance C, and conductance G

Cp=(1-K,)™" (033 4 S ) Cr _ (1-Kp)! (——‘”T“C“g) (14)

14+ w272 w 14 w?r?

Cit;(Vo) = (1 — K3) (CLLF - >_ ~ Csy (Vi) (13)
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The above expressions are for a single level interface trap and can be
adapted to a continuum of traps throughout the band gap.

Prior to extracting the interface properties, we need to know the SIS
capacitor parameters such as buried oxide thickness, doping concentration,
and fixed oxide charge. The buried oxide thickness ¢,;, can be determined
from the measured maximum high-frequency capacitance C{#® [2]. Then,
the doping concentrations in film and substrate are calculated from the
minimum high-frequency capacitance regardless of the interface trap den-
sity. The fixed oxide charge densities (Qy, and @ y,) are determined from
the voltage shift of the measured high frequency C-V curve by comparing
it with the ideal C-V curve. Applying a gate bias to accumulate one inter-
face yields the fixed oxide charge at the other interface. The strechout and
shift in the C-V curves, observed at positive gate biases, are attributed to
an increase of interface trap density and fixed oxide charge density at the
upper oxide interface.
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Figure 5. (a) High-frequency capacitance and conductance curves for a typical SIMOX

SIS capacitor.

However, this method is less accurate if the film becomes fully depleted
before reaching the minimum capacitance. In this case, the substrate doping
density Np, can be deduced from

d 1 B

where w3 is the distance from the substrate/buried oxide interface. Since
precise value of (1 — K3) requires the prior evaluation of the doping con-
centrations, an iteration procedure becomes necessary.

(15)
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5. Profiling the Vertical Inhomogeneities

The properties of thin SOI films may vary with distance from the top sur-
face to the buried insulator. Such a vertical inhomogeneity is often due to
enhanced defect generation that takes place near the film-insulator inter-
face during material synthesis. In non-uniform films, the average values of
resistivity, mobility and autodoping are rather meaningless, since they may
look very poor, even if the properties of the top portion of the layer reaches
bulk Si standards. Moreover, contrasting and misleading average param-
eters may be obtained in SOI layers with identical quality but different
thickness. A very efficient method, described hereafter, combines the MOS
field effect with magnetoelectric measurements.

Figure 6a shows the configuration of an MOS-Hall device, which is noth-
ing but a 7-terminal depletion-mode n-channel MOSFET. Besides the gate,
source and drain, there are 4 small lateral N* contacts. The longitudinal
voltage drop, measured between contacts Hy s (or Hzy4), gives the conduc-
tance and magnetoresistance values, free of the influence of source/drain
junctions. Contacts Hy 4 (or Hq3) serve for Hall voltage measurements.

Figure 6. (a) Configuration of a seven-terminal MOS-Hall device and (b) carrier mobility
profiles (after Lee et al).

Hall effect and magneto-conductance measurements are performed at
low drain bias as a function of V. By gradually depleting the film, the
thickness w of the conducting region is reduced and the measured (aver-
age) transport properties are modified. A procedure involving differentia-
tion provides the contribution of the infinitesimal layer Aw, situated at the
limit between depletion and “active” regions.
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The gate voltage dependence of the depletion depth wy is determined
from small-signal C (V) capacitance measurements. The vertical profile of
a parameter A consists of successive local values A*(z) which are extracted
from the experimental average values A(Vs). For example, the average re-
sistance (or magneto-resistance) of a conductive sheet of thickness w is

— Il [ [* -1
R(Ve) = = ( i a*(z)dz) (16)
I, \Jo
Conversely, the local conductivity at z = w is given by

(s = )_z_xdﬁ”‘dvg
FEWT L AVe dw

(17)

The measured average Hall mobility, defined in Eq.(7), is expressed as

2
Fuve) = ([ wi)osraz) ([ oazra) 1s)

where o3(2) is the conductivity profile at zero magnetic field. Differentiating
Eq.(18) and using Eq.(17) yields for the local Hall mobility

1 1d( R )dVG

_ dMH
- F = Ro(V 1
P (w) = Jor T dve Jw = PH Ro( G) (19)

The profiles of o*(w) and pj(w) are free of any theoretical assumption
except the validity of capacitance-depth curves.

Most experiments have been conducted on early SOS and SIMOX films,
where the material homogeneity used to be a critical technology issue [13,
14]. Several results are collected in Fig.6b. The mobility decreases almost
linearly with depth in SOS, whereas, in low temperature annealed SIMOX,
it is flat in the upper half of the film and then degrades rapidly close to the
buried interface.

6. Charge Pumping Technique

Charge pumping (CP) is a very sensitive method for the characterization of
low concentrations of interface traps (10° cm~2eV~!) in short-channel MOS
devices. The adaptation of CP to SOI transistors requires a contact to the Si
film. Either 5-terminal MOSFET’s or gate-controlled p-i-n diodes may be
used [15]. The two terminals of the P*P~N* diode have different functions.
The N7 contact controls the charge of the inversion layer, whereas the P+
terminal supplies the majority carriers.
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The principle of conventional CP in enhancement-mode MOSFET’s on
bulk Si is to repeatedly switch the gate from inversion to accumulation and
vice versa, while keeping the source and drain contacts grounded or slightly
reverse biased. In inversion, some of the minority carriers provided by the
source and drain reservoirs are trapped on the interface states. During the
falling edge of the pulse, the mobile minority carriers are collected rapidly
from the inversion layer by the source and drain, and then the trapped
carriers recombine with majority carriers provided by the substrate. This
recombination gives rise to an average charge pumping current Icp in the
substrate terminal, which is a frequency-amplified measure of the density
of interface states.

The CP current is proportional to the average concentration of inter-
face traps Dj;, frequency f, and surface potential range AV swept through
during the pulse

Iep = q2fWLDitA‘I’S (20)
By including into the model the direct carrier emission to the conduction
and valence bands, Groeseneken et al [16] found for trapezoidal pulses

2kT | VEg — Vr |jl (21)

AV, = ————ln [vthn“/ancrp ity A

where vy, is the thermal velocity of carriers, o, , are the capture cross
sections, and ¢, ; are the rise and fall times of the AV pulse.

A very meaningful CP curve (Fig.7a) is obtained by varying the bottom
level V51, of the trapezoidal pulse while keeping the pulse magnitude AVg
and frequency fixed. Three different regions can be distinguished on this
rectangle-like CP signature: (i) as long as the top level of the pulse does not
induce carrier inversion, there is no trapping and Icp ~ 0, (ii) a maximum
CP current, given by Egs.(20) and (21), is obtained when the top level
exceeds Vr, and (iii) for higher Vg, values (Vg > VFp) the surface does
not return in accumulation, hence the recombination rate and Icp vanish.
It follows that the left and right hand edges of the “rectangle” correspond
to (Vr — AVg) and Vg, respectively, whereas the plateau level gives the
trap concentration Dj.

We will focus on the specifics of the technique in SOIL. In the inset of
Fig.7a, the CP current was measured by applying constant pulses on the
front gate and varying Vga. A sharp peak is observed in the region where
the back interface is depleted. This peak indicates that pulsing the front
gate results in a scanning of the back surface potential which enables the
pumping of some of the back interface traps. Another consequence of the
interface coupling is that the values of the threshold voltage, flat band
voltage and swept potential range AW¥,; depend on the back gate bias.
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Figure 7. Front gate CP current versus (a) pulse base level for various back gate
voltages, and (b) versus rise and fall times (¢, = t;) for various diode lengths, with the
back interface in inversion (—-) or in accumulation ( - - - ) (after Ouisse).

This is the reason for the small difference existing between the CP currents
measured for inversion and accumulation at the back interface.

Shown in Fig.7b is the modification of the “rectangle-like” CP curve
as the back interface goes from inversion to depletion and accumulation.
The shifts of the left and right edges are used to monitor the variations of
Vri and Vepy versus V. It is noted that for the front interface traps to
be accurately characterized, the back gate has to be maintained in strong
inversion or accumulation.

Charge pumping depends on several physical time constants (carrier
transit times for the formation of the accumulation and inversion channels,
carrier lifetime, trapping and emission times) as well as on experimental
time constants (period, rise and fall times). The latter parameters have to
be longer than the former ones, in order to prevent any source of parasitic
recombination. For instance, if all mobile minority carriers are not removed
rapidly enough (during the fall of the pulse) before the arrival of majority
carriers, an undesirable recombination occurs. This parasitic component
of Icp, referred to as a “dimensional effect” [15], is responsible for an
overestimation of D;;, It obviously happens in long devices (the time for
channel formation being proportional to L?) or if the rise/fall times are too
short.

SOI structures are more subjected to dimensional effects because elec-
tron or hole reservoirs may exist at the back interface and interact with
front channel carriers. The range of confidence for the CP parameters is es-
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tablished by drawing Icp(Int, ) curves which, according to Eqs.(20) and
(21), must be linear. The onset of a non-linearity is evocative for the onset
of dimensional effects (Fig.7b). The most critical case, Vgz > 0, corre-
sponds to a difficulty in evacuating the holes which are less mobile. How-
ever, Fig.7b shows that the rise/fall times may actually be small enough:
1us for L = 10 pm, 100 ns for L = 4 um, 10ns for L < 2 pm.

7. Low Frequency Noise

The analysis of the electrical noise is important in two respects: (i) it pro-
vides a practical limit for the operation of integrated circuits, and (ii) it
represents a powerful tool for defect identification. The noise is defined as
the power spectral density S;(f) of a time-dependent, random function
X (t), and it is given by the Fourier transform of the auto-correlation func-
tion of X (¢) [17]. In a semiconductor device, the noise reflects the current
fluctuations brought about by random variations in the carrier mobility
and/or concentration. Each physical mechanism involved in current fluctu-
ations is expressed by a specific random distribution (Gaussian, Poisson,
etc) and has, in general, a distinct noise spectrum.

There is strong evidence that the 1/ f noise of MOS transistors originates
from fluctuations in the carrier number. The basic mechanism is the carrier
tunneling between the inversion channel and slow oxide traps N; located
at 1-2nm from the Si-SiO, interface. The equivalent drain current noise is
expressed as [18]

SID q4/\or Ny 1
= X X =
I}, o?kTLW * (Cop + Ca+ qDit + Ciny)? = f

(22)

where A, is an average tunneling length. The concentrations of slow traps
N; and interface traps D;; may be correlated by a first order approximation
Di; ~ Aoz N;. The inversion layer capacitance is Ciny, = (¢/kT)Qiny, with
a = 1 in weak inversion and « = 2 in strong inversion. In practical cases,
a 1/f7 dependence, with 0.8 < v < 1.2, is observed instead of a pure 1/f
noise.

The advantage of Eq.(22) is to illustrate in detail the influence of the
most significant device parameters. In weak inversion, C;,, as well as the
variation of Cy are negligible, so that the normalized noise factor Sy, /I3
is a constant (Fig.8a). It does not depend on either drain or gate voltages.
In strong inversion, however, C;,, becomes rapidly prevailing in Eq.(22).
Moreover, a slight increase of the noise factor with Vp is observed in Fig.8b
due to the decrease in @;,, along the channel. A typical noise curve,
S1, /1% vs. Vg, is composed of a “plateau” in weak inversion, followed
by a sharp decrease, proportional to (Vg — V)2 in strong inversion.
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The Random Telegraph Signal (RTS) is attributed to individual carrier
trapping at the Si-SiO; interface. In very small area devices, the trapping
events are seldom and the trapping of one carrier can easily be detected in
the time domain as a small pulse superimposed on the “normal” current
value. The duration of the pulse is nothing but the time constant of the
trap. These pulses have rather sharp transitions and a constant amplitude
(Fig.9a). They correspond to the local modification of the flat-band voltage
by one trapped carrier. It is shown that, for small enough fluctuations, the
drain current pulse Alp is independent of the trap area [19]

Alp g9 gm (1 B _c_l_)
ID - LWCO;,; ID to:v

(23)

where d is the distance of the trap from the interface. Not only, in very small
devices, the trapping events become distinct but also does the amplitude
of the fluctuation increase. The back channel of SOI MOSFET’s is an ideal
tool for studying the properties of RTS fluctuations because C,; is very
small and allows larger pulses to be obtained.
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Figure 8. Normalized noise factor versus gate voltage (Fig.(a): oo front channel, oo back
channel) and drain voltage (Fig.(b): oo weak inversion, ee strong inversion) in a SIMOX

n-MOSFET.

The power spectral density of RTS signals, induced by a single type of
traps, is similar to that of G-R noise: plateau at low frequency followed by
an 1/f? decrease. When many traps with different time constants coexist,
the superposition of their RTS signals results in the standard 1/ f noise.

In early SIMOX material, annealed at low temperatures (< 1250°C),
the dominant noises were 1/f and Lorentzian (with 1/f? tail) [20]. Figure
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8 shows the typical variations of the normalized 1/f noise factor Sy/I%
with the gate and drain voltages. The transition from the weak inversion
“platean” to the strong inversion slope (Fig.8a) well corresponds to the
threshold voltage. The density of slow traps is calculated from the plateau
level using Eq.(22). It is found that the buried oxide contains, in general,
one order of magnitude more slow traps than the front thermal oxide where
Ny ~ 10 cm—3eV—1,

In SIMOX structures annealed at high temperatures (> 1300°C), the
1/ f noise is reduced and can be masked by a Lorentzian noise. When prob-
ing the back channel, an additional source of G-R noise was sometimes
observed for special values of the back gate voltage. It was attributed to
the activation of traps localized near the buried oxide. Typical RTS sig-
nals have been detected in small-area SIMOX transistors (Fig.9a). The
pure RTS noise had a Lorentzian spectrum. Once the RTS signal was sub-
tracted from the total current fluctuations, the residual noise had a white
or 1/ f spectrum [19].
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Figure 9. (a) As-measured and pure RTS signals in the time domain and (b) drain
voltage noise (f=10 Hz, strong inversion) versus front and back gate voltages.

In depletion-mode SOI MOSFET’s, the two interface noise sources are
completed by the noise generated in the neutral region of the film [21]. The
drain voltage fluctuations, S5, , measured in a partially depleted SIMOX
N+NN* transistor are shown in Fig.9b. A very meaningful curve is obtained
by varying the back gate bias while keeping the front interface in strong
inversion. As long as the back interface is inverted too (Vg, < —20V),
the noise is constant and reflects the unique contribution of the neutral
film whose thickness is minimum. When Vi, scans the weak inversion and
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depletion regions, the noise increases sharply due to the interactions be-
tween free carriers and buried oxide/interface traps. The noise peaks at the
flat-band voltage.

As Vg, goes into accumulation, the interface traps aresaturated and the
measured noise decreases. A symmetrical behavior is obtained by varying
Vi, and maintaining the back interface strongly inverted. The interface
coupling impacts on noise measurements in fully depleted SOI transistors
in two main respects: direct noise generation at the opposite interface and
indirect modification of the surface potential by the opposite gate bias.

In conclusion, the noise spectroscopy is an elegant method to discrimi-
nate and characterize the defects located in different regions of the transis-
tor. This only requires to “decouple” a given region from its surroundings,
by appropriately biasing the front and back gates, and measure the noise
generated solely by that source.

8. Drain Current Transient Technique

The carrier generation-recombination properties govern the performance of
MOS and bipolar devices (leakage current, refresh time of dynamic RAMs,
floating body, etc). Moreover, the carrier lifetime depends on residual crys-
talline defects and stands as a figure of merit for the quality of SOI films.

The Zerbst method [22] consists in applying a pulse on the gate of a
MOS capacitor, so that a deep-depletion region is formed. Equilibrium is
reached through bulk and surface carrier generation processes. The moni-
toring of the capacitance transient provides the generation lifetime 7 (which
can substantially exceed the recombination lifetime) as well as the surface
velocity 5. Since capacitance measurements are not straightforward in thin
SOI films, several modifications will be needed: (i) MOS transistors will
serve as test devices, (ii) the drain current will be monitored, and (iii) the
dual gate configuration will be used to form deep depletion regions and
initiate carrier generation.

We first consider a N*NN* transistor biased in the ohmic region. Ap-
plying, at ¢ = 0, a large negative voltage on the gate results in a very
fast build-up of positive charge (deep depletion region) to balance the gate
charge. Then, the inversion charge starts forming. It is a much slower pro-
cess since no reservoir of holes is available. The deep depletion region con-
trols the thickness of the drain current path. The holes supplied by thermal
generation allow the deep depletion region to shrink and the current Ip(t)
to increase towards an equilibrium value I, (Fig.10) [23]. The transient
variations of the inversion charge (};,,, depletion charge @, interface trap
charge (J;t, and surface potential ¥, are governed by the charge balance
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equation

Qinv + Qit = Co:z:(VG - VFB - \Ils) - Qd (24)

Expressing 4, ¥s, and Ip in terms of depletion depth wy(t) gives

2
N
Q4 = qwqNp ¥, = qu;'i—? (25)
NpWV, 1

Ip = ﬂi% (tsi — wg) = % (tsi — wgq) (26)

Combining Eqs.(24) and (25), yields the rate of change of inversion and
interface trap charges which is perfectly balanced by the total carrier gen-
eration rate [24]

_ NpCos (1 + %> dwg _ ni(wa(t) = weo) |
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n;S (27)

The first term stands for volume generation which is usually assumed to
occur in the excess depletion region (wy — W ), Where wy, is the depletion
depth at equilibrium [25]. The second contribution comes from the Si-SiO,
interface. Equation(27) can be rewritten in a generic form

LHS(t) = -i- x RHS(1)+ S (28)

where the left- and right-hand sides are readily expressed, using Eq.(26),
in terms of drain current

) 2

LHS = - 2n;€, dt Coz

Instead of computing the current transient Ip(¢), Eq.(28) is an elegant
way of presenting the experimental data, LHS(t) vs. RHS(t), on a straight
line. The slope and intercept yield the values of 7 and 5, respectively.

By contrast to accumulation-mode transistors, in NtPN* structures,
the drain and source reservoirs do supply minority carriers to form quasi-
instantaneously the inversion channel. Since there is no source of majority
carriers (no Pt contact), except the generation process, the experiment
is designed to induce a deficit of holes. The front gate is biased in strong
inversion, whereas the back gate is pulsed from depletion (or accumulation)
to strong accumulation. The holes requested in the accumulation layer are
released from the neutral region of the film. A deep depletion region forms
under the gate and the film potential drops. To maintain front gate charge
conservation (Eq.(24)), the excess depletion charge is compensated by a
temporary drop in the inversion charge and drain current. The current
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relaxes back to equilibrium through carrier generation within the film and
at the interfaces.

Since the front surface potential is almost constant in strong inversion
(s, ~ 2®F), it is the film potential Vp(t) that governs the densities of
inversion, depletion, and accumulation charges. The charge balance of ma-
jority carriers is fulfilled by equating the rate of change of depletion and
accumulation charges with Eq.(27). This again yields Eq.(28), where the
right-hand side RHS(t) is the same as in Eq.(29) and the left-hand side
becomes

2
N Cl‘ d s1 4<-siq>
LHS(t) = - 222 2 | K(L, —ID)+Cf -+ / ;NAF] (30)
181 oxr

In some particular occasions [26], the variation of the accumulation
charge may be neglected, and the current has a simple exponential transient
[27]

Io — Ip = Ige™t/™” (31)

where the recovery time is 7 = 7N4/n;. This explains the difference by
many orders of magnitude between the time constants of the generation
process and of the drain current relaxation.

For large pulses, the deep depletion charge may be enough to temporar-
ily suppress the drain current (for instance, when full depletion is achieved
in accumulation-mode transistors). During a time t,¢, freshly generated
holes contribute to the relaxation of the front surface potential, which is
swept from depletion and weak inversion to strong inversion [26]. Of course,
the Zerbst analysis still holds for ¢t > ¢,s¢. In films that are fully depleted
at equilibrium, the concept of deep depletion and the expression wy(t) are
meaningless. However, the dual gate pulsing technique can still be success-
ful. Remark that as long as the two interfaces are depleted, they play
equivalent roles in the generation process.

The experiment is performed in obscurity, with low drain voltage. Long
channels are suitable for the extension of source and drain depletion re-
gions to be less significant. Junction leakage or BOX leakage currents may
jeopardize the accuracy of drain current transients.

The measurements are performed with a HP-4145 system and typical
drain current transients are shown in Fig.10. As is usual for Zerbst plots,
straight lines are obtained except at the beginning of the transient. This
is due to the larger surface generation rate when the interface is depleted.
The distinct features of front and back gate biases in partially depleted
enhancement-mode transistors are illustrated in Fig.10. When the back gate
voltage step is increased, the current variation range is more pronounced,



129

the off-state period is longer, but the steady-state current does not change
(Fig.10a).

Only in fully depleted MOSFETSs, may I,, be modified by the pulse
amplitude via interface coupling (Fig.10b); the bottom of the back gate
pulse acts on the threshold voltage of the front channel. But, once the
bottom of the pulse has reached strong accumulation, a further increase of
the pulse will not modify any more Vp, and I, (Fig.10c).
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Figure 10. Current transientsin N* PNt transistors pulsed with various back gate steps
at fixed front gate bias: (a) partially depleted SIMOX, (b) fully depleted SIMOX, (c) fully
depleted wafer bonding MOSFETSs.

Increasing the front gate bias, the steady-state current becomes larger
and the off-state region may be suppressed. This cancels or reduces the
transition through weak inversion regime and makes the strong inversion
analysis with Eq.(30) more accurate. For intentionally selected low gate
biases, a weak inversion model may successfully be applied, leading to same
lifetime values [28].

Measurements performed on various SOI materials show that the gener-
ation lifetime is very sensitive to the crystalline quality of the film. In early
SIMOX material annealed at low temperature, the carrier lifetime was very
poor (10-100ns). High temperature annealing above 1300°C was very effi-
cient and improved the lifetime by three orders of magnitude (10-100 ps). So
far, lifetime in excess of 100 us has only been achieved in multiple-implanted
SIMOX [26].

The surface generation velocity, currently deduced from Zerbst tran-
sients, is extremely small (0.01-0.1cm/s) and does not reflect the actual
generation rate at a depleted interface. It was found from weak inversion
analysis that the surface generation velocity decreases by 2-3 orders of
magnitude from weak to strong inversion [28].
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The roles of the two gates can of course be interchanged for probing
different regions of the film. Note that the transient duration can be much
smaller, owing to the difference in the capacitances of the gate oxide and
buried oxide in Eqs.(29) and (30), without necessarily implying an inhomo-
geneity of the film quality.

The depth profiling of carrier lifetime is feasible by taking the derivative
of the Zerbst curve with respect to the non-equilibrium depletion width wy.
The slopes of the tangents are simply the local values Te_flf('wd) at each point
situated beyond we.

In summary, the drain current transients are exclusive SOI techniques.
They were imagined to exploit the special dual-gate configuration of SOI
transistors, hence there is no chance for corresponding methods to exist in

bulk Si.

9. Concluding Remarks

Several electrical characterization methods, especially conceived for SOI
or imported from bulk silicon, have been revisited in the context of SOI
materials and MOS transistors. Transport measurements in as-grown SOI
wafers are rendered more difficult by the film thinness. By chance, the ¥—
MOSFET appears to be a very unique and attractive technique for in-situ
material evaluation.

As far as the device-based methods are concerned, the adaptation of
their experimental setup and basic theory to thin SOI transistors is straight-
forward only if the back interface is maintained in accumulation. Otherwise,
unusual and more complex situations are reached, as compared to the con-
ventional curves obtained in bulk MOSFETSs. Full depletion is the condition
for interface coupling effects to occur, in other words the apparent carrier
transport and generation properties at one interface can be controlled by
the opposite gate.

None of the above characterization techniques can negate the use of the
others. Each of them is focused on a particular feature and presents distinct
merits and weaknesses. Together rather than separated can they provide a
complete enough electrical image of SOI structures.
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THE DEFECT STRUCTURE OF BURIED OXIDE LAYERS IN SIMOX AND
BESOI STRUCTURES

A. G. REVESZ and H. L. HUGHES
Revesz Associates Naval Research Laboratory
Bethesda, MD 20817, USA Washington, DC 20375, USA

1. INTRODUCTION

Both SIMOX [1] and BESOI [2] structures are potentially important for future SOI
devices. A common feature of these structures is that two Si layers are separated by an
SiO, layer. Thus, the oxide layer is buried or confined between the Si layers. As a
result of this confinement, some of the properties of these two types of buried oxide
(BOX) layers are similar, even though the preparation conditions are very different.
Although both BOX layers are similar to the widely used thermally grown SiO, films
in the sense that they are noncrystalline, some properties are quite different; this is
particularly true for the SIMOX BOX layers. The primary reason for this difference is
the difference in their defect structures. The defect structure of the BOX layers plays
an important role in determining various properties of the completed SOI devices,
particularly fully-depleted transistors, as well as the yield of the fabrication process
and, very likely, the reliability of the devices. In this paper the properties of these
BOX layers are reviewed with emphasis on their defect structure.

2. FORMATION OF BOX LAYERS

The formation of the BOX layers is quite different for SIMOX and BESOI structures;
details have been reviewed [1, 2]. Only a brief summary is given here focussing on
the effects of preparation conditions on the defect structure of the BOX layers.

2.1. FORMATION OF BOX LAYERS IN SIMOX STRUCTURES

The BOX layer is formed in the course of implanting O+t ions into silicon and
subsequent annealing. The energy and dose of the oxygen ions, beam current, and the
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temperature of the Si wafer during implantion are important paramctcrs, but their
exact role in dctermining the defect structure of the BOX layer is still not known.
Another potentially important parameter is the orientation of the Si wafer with respect
to the ion beam [3]. As will be discussed below, some features of the defect structure
of the BOX apparently depend on the angle between the oxygen ion beam and the
channeling directions in silicon.

Most of the studies reviewed here were performed on single-and triple-implanted
samples obtained with 1.8x10!8 O+/cm? total dose at 200 KeV energy. In the case of
triple-implanted samples each of the three implant processes was followed by
annealing. A few samples have been prepared with 0.6x10!8 O+/cm? dose or even
less. Since the molar volume of SiO, is 2.2 times greater than that of silicon

(assuming that the density of the oxide is 2.20 g/cm3 ), an "accomodation volume"
must be provided for the oxide, otherwise very large stress would be generated. It is
thought that some of this accomodation volume is provided by the generation of Si
interstitials and their migration toward the Si substrate and top Si layer. Since the
diffusivity of silicon in the oxide is extremely low, those Si interstitial atoms which
cannot reach one of the Si/Si0O, interfaces will represent excess silicon in the oxide.

Oxygen implantation is followed by high temperature annealing. Most of the
results reviewed here were obtained with samples annealed at 1325°C for 5 hours in
Ar-0.5% O,. The BOX layer acts as an oxide precipitate of infinite radius attracting
the smaller oxide precipitates; in this manner the BOX layer grows and the Si/SiO,
interfaces sharpen. At the end of the annealing the nominal BOX thickness is 400 nm
for 1.8x10!8 O+*/cm2 dose and the thickness of the top Si-layer is about 210 nm. The
excess silicon, associated with the non-uniform distribution of oxygen in the un-
annealed BOX, largely disappears during annealing by gettering at the two Si surfaces.
However, some silicon remains in the oxide where it forms small (probably less than
3 nm) amorphous (a) clusters and/or even relatively large (>w~1lum) crystalline
precipitates. Note that (a)-Si clusters are usually not detected by electron microscopy;
the reason is that as they are imbedded in another noncrystalline solid (BOX), there is
very little, if any, diffraction contrast. At the end of the annealing the BOX layer
appears to be similar to a thermally grown oxide as it is noncrystalline and
stoichiometric within a few atomic percent. However, as discussed below, there is
plenty of evidence that the oxide contains excess silicon ranging from oxygen
vacancies as network defects to crystalline Si platelets; the latter are usually found near
the BOX/Si substrate interface in single-implanted samples. In addition to the
implantation and annealing processes, confinement effects may also result in excess
silicon in the BOX; this issue is discussed below. Excess silicon in the BOX layer is
the cause of various effects which have never been observed with thermally grown
oxides; its control appears to be a major problem in SIMOX technology.
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In an attempt to oxidize the excess silicon some samples rcceived supplemental
oxygen implantation of 0.5x10'8 O+/cm? or less dose after anncaling followed by heat
treatment at 1000 C. [4]

2.2. FORMATION OF BOX LAYERS IN BESOI STRUCTURES

In contrast to the formation of BOX layers in SIMOX structures, the BOX layer in
BESOI structures results from bonding together two Si wafers with thermally grown
SiO, films [2]. In some cases, the oxide film on one of the Si wafers is the very thin

(< ~2 nm) native oxide formed at room temperature; in other cases both wafers have
been oxidized usually, but not necessarily exclusively, in steam. The total thickness of
the BOX is usually larger than 100 nm. The critical aspects of this process are the
flatness of the Si wafers, the nature of the oxide films, and particulate contamination.
The flatness is very important to ensure that there will not be voids associated with the
bonding interface. The nature of the oxide is intimately related to how the bonding
takes place. The important points are: the hydrogen content of the oxide(s), especially
at the bonding surface(s), as well as the temperature, ambient, and time of the bonding
process. It is believed that these parameters control the formation of hydrogen bonds
between the two oxide surfaces: SiOH...OSi where the O atom in the second oxide
may be a bridging (Si-O-Si) or non-bridging oxygen. These parameters also control
the transformation of the hydrogen bonds into bridging Si-O-Si bonds which provide
the final bonding between the two wafers. The details of the bonding process are not
completely understood but there is plenty of evidence, to be discussed below (Section
4.2), that most of the BESOI structures exhibit phenomena associated with hydrogen
in the BOX. Like SIMOX structures, confinement effects are also important in BESOI
structures; this is also discussed in Section §.

3. STRUCTURE OF NONCRYSTALLINE SILICON DIOXIDE

Since the BOX layers are noncrystalline, the results of the observations will be
discussed in terms of the structure of nc SiO, that is briefly described here. The
essential feature of the the structure of nc-SiO; is that the practically invariant SiO4/y
tetrahedra are linked together in a very flexible manner in the sense that both the
angles of the Si-O-Si bridging bonds, ¢, and the rotational (dihedral) angles, &
(characterizing the orientation of two tetrahedra relative to each other), exhibit wide
ranges. Noncrystallinity, i.e. the lack of long range order, arises from the flexibility
of the Si-O bond rather than bond breaking [S]. A manifestation of this bond
flexibility is that the bond energy varies only by about 0.1 eV from its minimum value
at ¢ = 145° within the range characteristic of nc-SiO,, ~110° <¢ < ~180°.
However, the bond energy rises very rapidly below 120°, for instance, it is about 1
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¢V higher at ¢ = 100° than its minimum value |6]. The variation of the bond encrgy
with 8 is about 0.05 eV within its range of 0 to 120°.

The relatively high energy bonds associated with ¢ <~120° are responsible for
interactions between nc SiO, and water or hydrogen, irradiation, etc. {6, 7]. The

saturation concentration of defects (Si-OH groups and E'-centers [03Si-]) generated by

these interactions is about 1018 - 10!9 cm3, that is about the same as the concentration
of Si-O bonds associated with ¢ <M20°, The ¢ distribution shifts to lower values for
pressurc-densified silica glass with a concomitant change in the § distribution so that
the O - 2nd O distances become smaller [8]. With the downward shift of ¢ distribution
the proportion of high energy bonds increases so that the oxide becomes more
reactive. This effect is shown, among others, by the increased generation rate of E'-
centers in densified silica glass [9]. The main peak at 1090 cm! in the infrared
absorption spectrum shifts to lower frequencies with increasing densification [8]. Jon
bombardment also increases the proportion of high energy bonds and shifts the main
IR absorption peak to lower frequency, but the increase in density is much less than
expected if this shift were due to densification [8]. The high energy bonds can be
considered as "strained” in the chemical sense. However, this does not necessarily
mean that the oxide is strained in the sense of elastic deformation.

1t is obvious from these considerations that, in contrast to crystalline solids, the
medium-order structure of nc-SiO, is not uniquely defined. Hence, relatively small

variations in the preparation conditions may have significant effects on those properties
which are largely determined by the distributions of ¢ and 8. On the other hand, those
properties which depend primarily on the short-range-order (i.e. the structure of
SiOy4/, tetrahedra) as, for instance, the band gap, depend very little on the preparation
conditions as long as the overall integrity of the oxide network is maintained. The
flexibility of the structure makes it possible that regions with various degrees of
Jocalized ordering may be present in the oxide which is, however, still noncrystalline,
as seen, for example, by X-ray or other diffraction techniques. Examples of such a
localized ordering are the channels in thermally grown oxides along which the O,
molecules move during oxide growth and the dependence of various properties of the
nc SiO; on the crystallographic orientation of the Si substrate [10]. In the case of
SIMOX BOX layers these localized ordered regions may arise from interaction
between the oxygen ion beam and silicon along the channeling directions in silicon
(i.e. relatively easy paths for transport processes) resulting in localized conducting
regions in the BOX (leakage paths) and localized interaction between the BOX and top
Si layers resulting in defects in the top Si layer; these issues are discussed below
(Sections 4.1.4 and §).
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4, PROPERTIES OF BOX LAYERS: RESULTS AND INTERPRETATION

In this section the results of various studies performed on BOX layers are reviewed
and discussed. We attempt to interpret the results in a self-consistent manner in terms
of the structure of nc SiO,. Some of the properties reflect the nature of the oxide

network while others are mostly determined by defects in the BOX. There is no sharp
distinction between these two classes as the oxide network and defects are inter-related
and some locally ordered regions can, in fact, be considered as defects in relationship
to the overall randomness of the nc structure.

The most important feature of the BOX is that it is noncrystalline. It has been
pointed out that the nc structure of thermally grown SiO, films is essential for
achieving a low density of interface states needed for sufficient passivation of the Si
surface and, hence, for the operation of MOS devices [S]. The reason for this is that,
as a result of the structural flexibilty of nc SiO,, a good structural match with silicon
is possible without the strict epitaxy which would be necessary if the oxide were
crystalline. As a result of the nc structure of the BOX layers in both SIMOX and
BESOI structures, the density of interface states at the Si/BOX interfaces is usually
of the order of 1010 cm2(eV)-1.

Most of this section is related to BOX layers in SIMOX structures. The properties
of BOX layers in BESOI structures have been studied less extensively. There are
several reasons for this as, for example, that up to now the device research and
development has been more oriented toward SIMOX than BESOI structures. Also, it
was taken for granted that the BOX layers in BESOI structures are essentially identical
to conventional thermally grown oxides. However, recent studies show that there are
significant differences between conventional un-confined oxide and BESOI BOX
layers which are confined.

4.1. SIMOX BOX LAYERS

The most important difference between SIMOX BOX layer and thermally grown SiO,
films is that the former usually contains excess silicon in some form. In this sense the
BOX in SIMOX structures is similar to deposited SiO, films with deliberately
introduced excess silicon [11]. One of the manifestations of this similarity is the
observation that BOX layers may contain amorphous (a) silicon dangling bond defects
("D-defect”: Si3Si-) [12]. This defect is also found in the deposited oxide films in
which the excess silicon forms small (<~3 nm) a-Si clusters. The excess silicon in
SIMOX BOX may be present as network defects as, for instance, oxygen vacancy
and/or O3Si-SiO; bonds, a-Si clusters of various sizes, as well as crystalline Si

precipitates. Practically all the properties discussed in this section depend on the nature
and density of excess silicon.
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4.1.1.Bulk Properties

Infrared spectroscopy showed that the structure of BOX layers, particularly the un-
anncaled ones, is strained in the sense that the distnibution of ¢ is shifted to lower
values. For un-annealed BOX layers the main IR absorption peak is around 1050
cm-1; with increasing oxygen dose the frequency shifts upward [13]. Annealing also
shifts the frequency upwards and after long annealing at sufficiently high temperature
the position of the peak approaches (but usually does not quite reach) the range
characteristic of silica glass (1090 cm-1). Further evidence of the strained structure of
BOX comes from etching studies that demonstrated that the etch rate in HF of BOX is
about 20% less than that of thermal oxide [14]. It is well known that the sensitivity of
Si-O bonds to HF decreases with ¢.

Etching the top Si layer in hydrazine [15] or KOH [16] revealed the existence of
columns (pipes) in annealed BOX. These pipes were dissolved during this etching.
These pipes are probably involved in the defect conduction behavior of SIMOX
structures discussed below (Section 4.1.4.). Most of the conducting defects in BOX
are associated with light scattering centers present on the surface of the top Si layer
[17]. These defects are protrusions and mostly contain oxygen. Exposure to HF results
in etch pits in the silicon, some of which can penetrate the BOX. The density of the
conducting defects depends on the orientation of the Si wafer with respect to the
oxygen ion beam; the maximum density occurs when the ion beam is parallel with a
channeling direction (e.g. [110]) in the silicon [3). This observation clearly
demonstrates that the structure of the nc BOX is not completely random, as some
locally ordered regions (channels) are present. It is suggested, tentatively, that the
energy of the Si-O bonds along such a channel is higher than average and, hence,
more prone for some interaction with hydrogen or, perhaps, carbon. The interaction
results in the breaking of these bonds. The transport of oxygen to the Si layer leaves
behind a Si-rich region ("pipe”). A very small amount of hydrogen (or carbon) could
act as a "catalyst” for this process. Excess silicon in SIMOX BOX may also be present
as photo-active Si-clusters; see discussion below (Section 4.1.5). Confinement effects
are, at least partially, responsible for excess silicon in BOX layers; this is also
discussed below (Section 5.).

Both single-wavelength [18] and spectroscopic ellipsometric studies [15] indicated
that the refractive index of BOX is usually higher than that of silica glass. This
observation could result from a densification effect of the oxide and/or from excess
silicon in the BOX. It should be realized that the evaluation of spectroscopic
ellipsometry measurements does not give a unique result, as different assumptions
may lead to the same result. In contrast, single-wavelength ellipsometric measurements
performed on pseudo-SIMOX samples give an unambiguous result for the refractive
index and thickness of the oxide, provided that the oxide is a perfect dielectric (i.e. no
light absorption takes place) and the BOX/Si substrate interface is flat. These
requirements are not necessarily met with every SIMOX sample.
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Singlc-wavclength ellipsometric mcasurements performed on "pseudo-SIMOX"
samples (top Si layer removed) showed refractive indices of BOX layers ranging up to
1.488. However, after heat treatment in oxygen at 1100°C the values have decreased
to about 1,46 which is the value characteristic of silica glass |18]. Note that heat
treatment in argon did not produce this effect; this observation indicates that excess
silicon is probably responsible for the increased refractive indices. Considering the
optical properties of BOX as determined by Si-O and Si-Si bonds, the 1.488 value
corresponds to about 4.2x1029 Si-Si bonds/cm3. However, some caution is nceded
even in this case as light absorption associated with the Si-Si bonds was not taken into
account and the possibility, that the BOX/Si-substrate interface is not perfectly flat,
could have influenced the results. Nevertheless, the density of excess silicon as
estimated from the bulk conduction behavior of BOX is similar (see Section 4.1.4).

4.1.2. Interaction between BOX and deuterium

The interaction between BOX and deuterium reveals important structural features of
the BOX layers. This interaction was studied by exposing the samples to D, gas at
700 - 900 C for up to 40 hours and determine the D concentration by nuclear
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Figure 1. Concentration of D in BOX produced by exposure to D at 750 C and 650
Torr. Curve 1: 90 nm thick thermal oxide grown at 1325 C in Ar-0.5% O,; Curve 2:
annealed SIMOX, the two symbols refer to two set of samples; Curve 3: annealed
SIMOX with epi-Si layer [18].
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reaction technique [19]. The incorporation of D into the BOX is determined by the
rate of reaction between D and SiO, resulting in the formation of D-containing defects
(Si-OD, Si-D) that are stable up to ~1100°C. The reactions within the BOX exhibit
two components: one is rapid and strongly depends on sample preparation, the other is
much slower and not so sensitive to sample preparation; see Fig.1. Even at 40 hrs
exposure to D, there is no sign of saturation; at this point the D-concentration

approaches (and for un-annealed samples [not shown] even exceeds 1020 cm3). This
value is much larger than the density of E'- centers ( ~ 1015 cm-3 for annealed BOX
without irradiation). In contrast to the behavior of BOX, thermal oxide grown at
1325°C (SIMOX annealing temperature) shows the rapid component only with a
saturation value of 5x1018 D/cm3; the same behavior has been observed with silica
glass [20]. It was suggested that in the case of silica glass and thermally grown oxide
the reaction sites are high energy (strained) bonds associated with small bridging bond
angles [17]. The larger concentration of reaction sites in BOX and their time-
dependent reactivity are attributed to a larger proportion of the strained bonds and
defects associated with excess silicon.

4.1.3. Electron-spin-resonance studies

Electron-spin-resonance (ESR) studies provide significant contributions to our
understanding of the structure of BOX layers. The ESR-active defects observed in
SIMOX samples are as follows:

1) a-Si dangling bond (D-defect), a-Si3Si-, with a g-value of 2.0059.Their density in
un-annealed BOX is about 1020 cm3 and in annealed BOX is less than 2x10!5 ¢cm-3
(if present at all), assuming uniform concentration [12]. D-defects can also be
generated by VUV illumination [21].

2) Crystalline (¢) silicon dangling bond associated with Si/SiO, interfaces (Py-
center), c-Si3Si-/Si0,, with 2.0013 < g < 2.0088; these have been observed in un-
annealed samples only [22].

3) Si dangling bond in the oxide, O3Si- (E'-center), which has two modifications:
E', with 2.00023 <g < 2.00173 and E'; with 2.00168 < g < 2.00209. The E', -
centers have been observed in un-annealed samples but not in annealed ones above the
sensitivity of the technique ( 1015 cm3), unless they were irradiated. The generation
rate of these centers at 10 Mrad dose in BOX is about the same as in silica glass
densified by 10% which is about ten times higher than normal silica glass [12]. The
E'y -centers are uniformly distributed in the BOX even when irradiated under bias
[23]; this behavior is different from that of thermally grown oxides in which case the
centers are mostly in the vicinity of the Si/SiO, interface. It was found that the
generation rate of E’, -centers is increased by a factor of 25 when the top Si-layer
was etched off [23]. Similarly, hydrogen exposure of SIMOX samples as, for
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instance, during epi-Si deposition, resulted in tenfold increase in the density of these
centers [24]. The suggested mechanism is as follows. Hydrogen reacts with the O;Si-
SiO3 bond and forms O3Si-H. This group dissociates upon irradiation to O3Si- and H.
The highly mobile H atoms can form H; molecules and so minimize the probability
of recombination with a Si dangling bond. This process should be more efficient than
the dissociation of 03Si-SiO3 to O3Si-, *Si03, and e because of the finite probability
of the electron recombining with the positive charge and, thus, re-forming the Si-Si
bond.

The E's -center is also a Si dangling bond defect in nc SiO,. This has been
observed in pseudo-SIMOX samples (top Si layer removed) [25]). The defects were
generated by impinging ions during Ar plasma exposure within a 10 nm thick layer
of the BOX. The defect concentration profile was measured by repeated irradiation
and etching. It was found that the profile essentially mirrors the profile of etch rate in
dilute HF. This suggests that both effects are related to strained Si-O bonds associated
with Si-Si bonds. The ESR signal of these centers indicates that the unpaired electron
is delocalized among at least five Si atoms forming a cluster of Si-Si bonds. Heat
treatment in oxygen at 950 C prior to irradiation apparently oxidized these bonds as no
signal was observed.

In addition to these ESR centers in the BOX, there is also an ESR-active defect in
the top Si layer and Si substrate which is unique to SIMOX and BESOI, in general,
confined structures. This defect is a double-donor that becomes ESR-active when
ionized by the presence of positive ¢harge in the BOX or applying appropriate bias to
the Si substrate {26]. This defect appears to be an oxygen interstitial and its density is
roughly correlated with that of the E's centers in BOX. The E's precursors and the

double donor defects appear to be present in confined structures only; see discussion
below (Section 5.).

4.1.4. Electrical conduction

From the viewpoint of SIMOX devices the electrical properties of the BOX layers are
very important. Electrical conduction in BOX has a bulk and localized ("defect")
component; the first one is area-dependent while the second one is not. It appears that
excess silicon in various forms plays an important role in both processes. The defect
conduction can be a major factor in determining the yield of device fabrication.

Bulk Conduction. Buried oxide (BOX) layers in SIMOX structures exhibit well
defined and reproducible bulk ('background”) conduction which, in contrast to defect
conduction, is area-dependent [27]. For annealed samples the bulk conduction is quasi-
ohmic and time-dependent up to 80 V (for ¥ 400 nm thick BOX); the temperature
dependence indicates 0.3 eV as the activation energy associated with trapping effects.
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At higher voltage the current-voltage characteristics are super-linear and resemble
those observed for deposited SiO7 films that contain excess silicon in the form of Si-

clusters [11]; see fig.2. The high-field conduction depends very little on temperature,
indicating that the conduction is controlled by tunneling between Si clusters. Fowler-
Nordheim plots indicate an effective barrier height of 1.3 - 1.5 eV for annealed
samples and 0.4 eV for un-annealed ones; this range is intermediate between 3.1 eV
(thermal oxide) and 0.4 - 0.6 eV (Si-rich SiO3). From the effective barrier heights of
annealed samples the size of the clusters is estimated as 0.5 nm (three Si atoms) and
their density as 2x1019 cm3 so that the concentration of excess silicon is at least
6x1019 ¢m-3. This value is comparable to that estimated from the refractive index, as
mentioned above. For un-annealed BOX the order of magnitude of excess silicon

concentration is estimated as 102! cm-3.
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Figure 2. Logarithm of current density as a function of electric field.
Curve 1: Si-rich §i0, [11]; Curve 2: un-annealed BOX
Curve 3: annealed BOX; Curve 4: thermal oxide.[27]}

The conduction depends on polarity; this effect is probably associated with the
asymmetry in the distribution of excess silicon at the two interfaces. For un-annealed
samples the current at a given voltage is several orders of magnitude higher than for
the annealed ones and the onset of the super-linear regime is at lower voltage; this
behavior is similar to the defect conduction exhibited by annealed SIMOX samples.

Supplemental oxygen implantation eliminates the trapping-controlled conduction at
low field and renders the high field conduction somewhat similar to that characteristic
of thermally grown oxide, but without becoming identical to it. All of the observations
indicate that the BOX layers contain excess silicon; this may be in the form of O3Si-

SiO3 bonds in the oxide and/or very small silicon (probably amorphous)
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clusters/filaments. The supplemental oxygen implantation apparently eliminates one
kind of defects whereas the density of the other kind is only reduced; this effect is
similar to that observed by photo-injection techniques to be discussed below.

Defect Conduction. The BOX layers also exhibit localized (defect) conduction
superimposed on the background (bulk) conduction [28]. There are two types of
conducting defects: Type I defect shows a pre-breakdown  quasi-linear I-V
characteristics with 106 A <I< 10-3 A in the voltage range of 0.01 - 10 V. Type
11 defects exhibit a super-linear I-V behavior above 5 V and breakdown or current-
saturation usually occurs at 10 - 50 V (for #400 nm thick BOX). A large number of
samples prepared in various manners has been studied with automatic test equipment
by which the number of Type I defects has been determined from several hundreds of
capacitors on a given wafer. The defect density was calculated using the Poisson
distribution; for annealed samples the values range, by and large, from 0.1 to 10
defects/cm2, while for un-annealed samples the range is 40 - 120 defects/cm2. The
pre-breakdown I-V characteristics of Type II defects resemble the bulk conduction
behavior of un-annealed BOX. These defects appear to be closely related to some
fundamental- aspects of the bulk conduction of BOX layers and/or
confinement/contamination effects. Type II defects appear to be, at least partially,
responsible for process-induced leakage effects in completed SIMOX IC's [29].

It has recently been discovered that the localized (defect) leakage conducting paths
in BOX are associated with light scattering centers on the surface of the top Si-layer
[17]. Some of these leakage paths are similar to Type I defects mentioned above in the
sense that they are highly conducting, whereas some others become conducting as
result of processing. The correlation between device process yield, as determined by
leakage current in BOX, and the density of light scattering defects is shown in Fig. 3.

Most of the defects on the Si surface result in etch pits in HF, many of which
penetrate even the BOX. Note that silicon cannot be etched in HF unless some
oxidizing agent is present or the silicon is polarized anodically; the latter case is pit
corrosion. It was found by X-ray technique that most of the defects are associated with
oxygen but some of them contain nickel or chromium [17]. It is not clear at the
present how these O-containing defects in the the top Si-layer are related to the
conducting paths in the BOX and what is the mechanism of the leakage conduction. It
is important to realize that the leakage conducting paths in the BOX are obviously
heterogeneities in the oxide; photo-injection studies, discussed below (Section 4.1.5.),
also indicate the presence of heterogeneities, amphoteric Si-clusters, in the BOX.
Another point is that defects in the BOX (as observed by the copper plating technique)
which are associated with channeling directions in the silicon are more conducting than
those which are not [3]. The I-V characteristics of these defects resemble those of the
Type II defects mentioned above.
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Fig. 3. Yield of device processing determined by BOX leakage current
as a function of the density of light scattering defects { 17].

These observations indicate that defect conduction in BOX is a more complex,
perhaps even fundamental, aspect of SIMOX structures than being simply caused by
particles on the surface of silicon which would locally mask the O-beam during
implantation. Defect conduction in the BOX is presently a major problem in the
technology of SIMOX devices as it can greatly reduce the yield of device processing
and may even affect the reliability of the devices.

4.1.5. Photo-injection studies

The photo-injection studies were performed on pseudo-SIMOX samples where the top
Si layer was replaced by Au electrodes [30]. The MOS structures were exposed to UV
(hy <6 eV) or VUV (hy =10 eV) photons under positive or negative bias on the
metal electrode. The charge accumulation in BOX was monitored by 1 MHz C-V
measurements and electron photo-injection I-V characteristics. The processes occurring
under these conditions are shown in Fig. 4. In the spectral range of 3.5 <hy <4.3 eV
only electron injection from the metal electrode is possible (transition 1). If the photon
energy is within 4.3 and 6 eV, photo-injection of electrons from the Si substrate
(transition 2) and optical ionization of the photo-active defects in BOX (transition 3)
become possible. Illumination with 10 eV photons generates electron-hole pairs in the
oxide ‘within 10 - 20 nm from the metal electrode (transition 4) and, depending on
bias, electrons or holes can be injected into the BOX.
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Figure 4. Processes occuring during photo-injection [31].

The unique result of these studies is that there are defects in the BOX which
become positively charged by photo-ionization (transition 3) under relatively low
electron injection level [30]; this effect is shown for various samples in Fig.5 [32].

This kind of positive charge generation has never been observed with thermally
grown oxide films, including BOX in BESOI structures. The process is independent of
the applied bias, indicating that it is not related to hole injection from the Si substrate.
Notice in Fig. 5 the significant difference between the single-and triple-implanted
samples.The high density of defects in the SI sample can be greatly reduced by
supplemental O-implant, especially for defects with relatively small capture cross
section. However, the density of high cross section defects is still large, even though
less than without supplemental O-implant. This is a potentially important point as there
is a tendency in the present technology to use SI rather than TI structures. If a
standard thick BOX layer is etched down to 150 nm, its behavior is practically
identical to that of the thin sample.

If electron injection continues after the saturation of the positive charge, the
defects trap electrons so the oxide charge becomes negative. Clearly, the photo-active
defects are amphoteric. The electron trapping behavior of the various samples is
similar to their photo-ionization behavior, except that the saturation value of the
negative charge is higher than that of the positive charge. The reason for this effect is
that, in addition to the amphoteric defects, there are non-amphoteric ones as well. The
minimum photo-excitation energy needed to generate the positive charge in BOX
corresponds to the difference between the silicon valence band and oxide conduction
band. The large capture cross section of the amphoteric defects (10-14 -10-13 cm2)
does not depend on the applied field. These observations indicate that these defects
are not point (network) defects but heterogeneities in the oxide, very likely
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Figure 5. Generation of positive charge in BOX with photons of 4.3 eV or higher
energy. Curve 1: standard ( 400 nm BOX) single-implanted (SI) sample; curve 2:
standard (ST) sample with suppl. O-implant (1017 O/cm2 dose); curve 3: standard (SI)
sample with suppl. O-implant (5x10!7 O/cm?2 dose); curve 4: standard triple-implant
(TT) sample; curve 5: standard TI sample with suppl. O-implant (1017 O/cm? dose);
curve 6: thin (150 nm) BOX; curve 7: thin BOX with suppl. O-implant (1017 O/cm?
dose). [32]

Si-clusters.The behavior shown in Fig. 5§ and the similar electron trapping effects show
that the large clusters, which are predominant in the SI samples, are near the BOX/Si-
substrate interface, whereas the small clusters are in the "bulk" of the oxide. The
density of small clusters is reduced in the thin or thinned down samples as well as in
the samples which received supplemental O-implant.

Heat treatment of un-confined pseudo-SIMOX samples in argon or oxygen, using
resistance heated tube furnace, almost completely eliminates the amphoteric defects
even in SI samples [32]. These defects have not been observed in the so-called
equilibrium oxide either; this oxide is prepared by implanting such a high dose of
oxygen that the top Si layer is totally consumed in forming the 550 nm thick oxide
[33], hence, the oxide is un-confined.

These observations demonstrate that the formation of amphoteric Si-clusters is tied
to oxygen implantation and the confined nature of the BOX. The removal of the large
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clusters by a post-anneal treatment is possible only in un-confined structures. Various
aspects of confinement are discussed below (Section 5.).

As the Si-clusters were eliminated by heat treatment of pseudo-SIMOX samples,
electron trapping in its "pure” form (i.e., not associated with the amphoteric defects)
could be studied [34]. It was found that there are two, relatively deep, neutral traps
with 3x1016 and 2x10-17 cm? trapping cross sections. In addition there are shallow
traps with very large cross section (of the order of 1011 cm2) near the Si-
substrate/BOX interface; these traps are probably the large crystalline Si platelets that
occur in single implant samples.

Comparison with results obtained by other techniques. The results obtained by the
photo-injection technique can be compared with those of other, somewhat similar,
techniques. Thus, for example, the electron trapping behavior of BOX layers with and
without supplemental O-implant was studied by avalanche electron injection [35]. It
was found that 5x1017 O+/cm2 dose of supplemetal O-implant reduced the density of
traps from 3x1012 cm2 to 2.1x1012 cm2 and decreased their capture cross section
from 6x10-14 to 10-14 cm?2; also, it introduced 1012cm™2 new traps with 10-15 cm?2
cross section.

Electroluminescence (EL) studies showed the presence of 2.7 and 4.4 eV bands in
the spectra obtained with BOX layers [36]. The defects responsible for these bands are
associated with excess silicon (or oxygen vacancy). Similarly to the Si-clusters
discussed above, the EL-active defects are located near the BOX/Si-substrate interface.
It was also found that the 1.9 eV band, which is related to SiOH groups, is not present
in the EL spectrum of SIMOX BOX layers.

4.1.6. Irradiation behavior

The irradiation behavior of SIMOX devices is similar to that of conventional MOS
devices in the sense that ionizing radiation generates pet positive charge in the oxide.
However, there are important differences between BOX and thermal oxide:

1) Both hole and electron trapping occurs in BOX, the holes remain trapped in deep
traps but a fraction of electrons is de-trapped from shallow traps leaving a net positive
charge in the oxide; the electron-hole recombination is controlled by interactions
between field and space charges during irradiation and the extent of electron de-
trapping depends on temperature [37, 38]. No electron trapping associated with
irradiation has been observed with thermal oxides.

2) The trapped holes are distributed uniformly in the BOX rather than being
accumulated at the interface(s), as in the case of thermal oxides.

3) There is practically no hole transport, hence, the radiation-induced increase in the
density of interface states is very low.
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4) The density of radiation-induced E', - centers is much higher than the net positive
charge [23]. Accordingly, the model suggested for thermal oxides, that irradiation
generates both E', —centers and positive charge from precursors:

038i...8i03 + by —> O3Si* + -Si0; + ¢, )

the electrons being swept away, does not hold for BOX. Here the bond between the Si
atoms is not necessarily the same as the Si-Si bond referred to above or the mechanism
of the generation of the E', center and charge is different.

From field ionization (tunneling) it was determined that the shallow electron traps
are distributed in the energy range of 0.3 to 1.5 eV with the peak at 1.0 eV and
1011 ¢m2 (eV)-! density giving a total density of w1011 cm-2 [38). This value is
reasonably close to the barrier height determined from Fowler-Nordheim conduction,
1.3 - 1.5 eV, as discussed above. The shallow electron traps can be removed by heat
treating pseudo-SIMOX samples [38]; this result is in agreement with the observation
that such a heat treatment removes the shallow traps responsible for the time-
dependent low field electric conduction of BOX (Section 4.1.4.)

Supplemental O-implant has also removed the shallow electron traps without
affecting the deep electron and hole traps [39]; this result is similar to that found in the
course of photo-injection studies (Section 4.1.5.).

Recent studies using very high radiation dose (up to 30 Mrad) showed that 4x1016
O*/cm? supplemental O-implant followed by heat treatment at 1000 C did not affect
the hole trapping behavior but had a slight effect on the electron trapping behavior
[40]. Namely, it reduced somewhat the density of traps with 2.2x10"13 cm? trapping
cross section from 2.5x1012 to 1.5x1012 cm-2 and introduced 2.5x10!! cm2 new traps
with a 10-15 cm? cross section. Thus, the total density of traps remained unchanged. If
the heat treatment after the supplemental O-implant was performed at 1320 C, the
effect of the supplemental O-implant vanished. This result is very likely related to
confinement effects which take place at the higher but not at the lower temperature
(see Section 5.)

An interesting feature of the irradiation behavior of BOX/Si interfaces is that
there is practically no increase in the density of interface states. This may be due to
the lack of hole transport, the stability of the interface formed at high temperature [5],
or the undetectable amount of hydrogen (<M1017 ¢m3) or to a combination of these
factors.

4.2 BESOI BOX LAYERS

As the BOX layers in BESOI structures are thermally grown or one of them is the
native oxide grown at room temperature on the Si surface, they are more similar (but
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not identical) to conventional SiO, films than SIMOX BOX layers. The similarity
between SIMOX and BESOI BOX layers is due to the fact that they are confined. The
main features of the defect structure of BESOI BOX layers are that voids may be
present in the oxide; also, there are SiOH and SiH groups, an H-related precursor of
an ESR-active center, and the precursor of the ESR-active E's-center. Accompanying
the E's precursors, there are double-donor oxygen interstitials in the silicon; these two
defects result form the confined nature of the BOX layer (see Section S.).

4.2.1. Voids in the BOX layer

Voids result from insufficient wafer flatness and surface finish as well as from surface
contamination and particulates [41]. The voids at the bonding interface contain air
pockets which are under pressure, resulting in localized stress in the Si wafer. The
stress may result in plastic deformation during subsequent thermal processing. Heat
treatment at 1050 C generated dislocations that were not confined to the voids but
extended into the surrounding area. Pinholes are created in the Si layer where voids
are present in the BOX and etch pits form in HF [42].

4.2.2. Hydrogen in the BOX

As the first step in the bonding process is the formation of hydrogen bonds, the
bonding process usually requires the presence of water [2]. SIMS analysis indicated
large amount of hydrogen at the bonding interface and, in the case of SiO, - SiO,
bonding (as opposed to Si(native oxide) - SiO, bonding), in the oxide as well [43].
Infrared analysis showed that after bonding hydrophylic wafers there are 1015 cm2 H-
bonded HyO molecules present. [44] Their IR signature gradually disappears above
150 C. The signature of H-bonded SiOH groups appears at 300 C; these groups
become isolated (not H-bonded) at 600 C. In addition, there are two types of SiH
groups present: one is associated with the bonding interface, it disappears at 700 C; at
this temperature the other one in the oxide appears. The concentration of the latter
decreases with increasing temperature of heat treatment and becomes nil at 1100 C.

Fowler-Nordheim injection of electrons into the oxide layer of pseudo-BESOI
[Si(native oxide-SiO,} structure results in charging the oxide and increasing the
density of interface states at the bonding interface [43].

In another study Si/BOX/Al structures were exposed to electrical stress at room
temperature [45]. Positive ionic mode instability was observed to develop when the
BOX layer was exposed to HyO. An isotopic effect was observed when H was
replaced by D indicating H/D transport through the BOX. Electron injection and UV
illumination were found to enhance the charge instability. Electron traps with 10-17

cm2 cross section (most likely SiOH groups) are present in much larger concentration
in the BOX layer than in non-bonded thermal oxide. These features suggest structural
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changes in the thermal SiO; associated with the bonding process used for preparing

BESOI structures which leads to H-enrichment.

Another aspect of hydrogen in BESOI BOX is the presence of a new ESR-active
defect with delocalized spin observed after VUV illumination; this defect is labelled as
the EH center [21]. The hyperfine coupling of this defect indicates that it is associated
with hydrogen. Most of the EH and other ESR centers are near the bonding interface.
These observations are in agreement with the results obtained with photo-injection
measurements.

4.2.3, Irradiation behavior

The irradiation behavior of BESOI structures bonded at 900 C is similar to that of
conventional MOS structures with thermally grown oxide. For instance, in contrast to
SIMOX BOX, hole transport takes place but strong trapping effects may be associated
with the bonding interface {46]. If the bonding is performed at higher temperature or
the sample is heat treated, then with increasing temperature its behavior is becoming
increasingly similar to that of SIMOX samples; heat treatment at 1325 C renders the
BESOI samples indistinguishable from SIMOX samples [38]. This is strong
manifestation of the confinement effect.

5. CONFINEMENT EFFECTS

The common feature of SIMOX and BESOI BOX layers, which sets them apart from
conventional thermally grown SiO, films, is that they are confined (contained)
between two silicon layers. As a result of the confinement, SIMOX BOX may not
fully relax the strain generated by the transformation of silicon into the oxide
associated with a large increase in the molar volume (see Section 2.1.). Hence, the
SIMOX BOX is very likely in some densified form in which the distribution of the Si-
O-Si bridging bond angles is shifted to lower values and the distribution of the
rotational (dihedral) angles is such that the O - 2nd O (or Si - 2nd Si) distances are
shorter than in a fully relaxed oxide (see Section 3.) The lack of relaxation may
promote the persistence of medium range structural features which are influenced by
the structure of the Si substrate as, for instance, channels as well as Si-clusters,
especially near the Si/BOX interface (see Section 4.1.5.). It is possible that these
structural features are responsible for the effect of Si crystallographic orientation on
the density of conducting defects in SIMOX BOX. The densified (strained) structure
also renders the oxide more reactive which is manifested in its reaction with hydrogen,
increased generation rate of ESR centers, etc. In this sense the effect of confinement is
a fundamental aspect of the behavior of SIMOX BOX layers.

Since the oxide films in BESOI structures are un-confined before bonding, they
are not as strained (if at all) as the SIMOX BOX layers. However, the BESOI BOX
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layer resulting from bonding is confined and some of its properties are very similar to
those of SIMOX BOX layers. These properties are the presence of defects in the oxide
which upon irradiation, VUV illumination, or hole injection become the E's ESR -
centers {21, 23). The density of these centers is practically identical (usually of the
order of 1012 cm-2) to that of the O-interstitial double-donor defects in the Si layers
which become ESR - active if positive charge is present in the BOX or the sample is
appropriately biased [26]. As the E'j defect is an O-vacancy in the oxide, the strong
coupling between the two defects indicates that oxygen atoms from the BOX got
transferred into the Si layer(s). Apparently, this process occurs in confined structures
only as these defects have not been observed in un-confined structures. It is curious
that heat treatment of pseudo-SIMOX sample in oxygen removed both defects even
though one would think that such a treatment would increase the concentration of O-
interstitials in silicon. It is difficult to reconcile these observations with the suggestion
that interaction between BOX and silicon is a simple transfer of O atoms from the
oxide (and generating O-vacancies there) to silicon where O-interstitials form [47].
One might think that the E'y precursors are the shallow traps observed in SIMOX
and in those BESOI structures which experienced heat treatment above 900 C.
However, these centers are present even in those BESOI samples whch were bonded at
900 C and no further heat treatment took place [23]; these samples did not show
shallow trapping effects. Hence, the correlation between E'g precursors and shallow

electron trap is not good. Also, there is no correlation between E'yg defects and Si-

clusters as the latter are not present in BESOI BOX. Apparently, there are various
forms of excess silicon (oxygen vacancies) in the BOX layers and only some (or just
one) of them can interact with the Si layer(s). The nature of this interaction between
BOX and silicon is not clear at the present. One can speculate that the excess silicon in
confined structures is generated by a process which is completely different from that
characteristic of un-confined structures. It is possible that the generation of O
interstitials in silicon (double-donor defects) in confined structures is associated with
injection of Si interstitials into the BOX where they become part of the oxide network,
perhaps, by forming bonds with dissolved oxygen that remained in the oxide at the
end of thermal oxidation or oxygen implantation. Another possibility is that Si atoms
injected into the confined oxide form aggregates. The generation of excess silicon in
this manner cannot occur in un-confined structures as the Si atoms in the oxide would
be immediately oxidized by oxygen entering the oxide through its surface.

It is very clear that confinement effects represent a major issue in both SIMOX
and BESOI technologies as they generate defects in both the BOX and silicon which
have not been encountered with conventional un-confined structures and, hence, have
not been studied in such a great detail as the defects there.
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6. CONCLUSION

The defect structure of BOX layers in both SIMOX and BESOI structures is
significantly different from that of conventional thermally grown SiO, films even
though all these oxides are noncrystalline. This difference is primarily due to the
presence of various forms of defects associated with excess silicon or oxygen vacancy
in the BOX layers which result from the confined nature of the BOX layers and,
hence, are not present in conventional, un-confined structures. These defects are the
precursors of the ESR-active E'y centers that are linked somehow to double-donor
oxygen interstitials in the silicon layer(s). Another form of excess silicon is the Si-
cluster in SIMOX BOX layers; oxygen ion implantation and confinement effects are
apparently responsible for their formation. Voids and hydrogen in various forms are
important defects in BESOI BOX layers. The defects in the BOX layers strongly affect
the electrical properties; and may be the cause of various problems in the yield of
device processing and the reliability of the devices.
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Kiev, 252028, Ukraine

1. Introduction.

SOI systems show promise for creation of reliable, temperature-stable and radiation
hardened microelectronic devices, and, hence, have been intensively studied during the
last decade. A series of theoretical and experimental results concerning the mecha-
nism of producing SOI structures, the structural and electrophysical properties of the
buried oxide layer has been obtained (see, for example, ref.1-3). These investigations
made it possible to elaborate new approaches in the field of physics, processing and
characterization techniques for SOI systems.

Among the available experimental techniques for study of the buried layer
structure IR-spectroscopy is used. Its capability, however, is quite limited because of
the traditional approach of spectra analysis: the maximum position of the absorption
band is usually used to draw conclusions on the buried layer composition and its
structure. Recently we have shown [4-5] that the characteristics of the short-range
and local order in silica films can be determined using IR-spectroscopy with
subsequent analysis of the absorption band shape. Since the silicon-oxygen phase in
SOI systems should possess the main structural features typical for SiO, and SiO,
(x<2) (bond length and bond angles) such a technique be also used in this case. In the
present work IR study of the silica layer in SOI systems has been carried out, which
enabled us to follow its development during different technological treatments.

2. Experimental techniques.

Samples about 450 pm thick were cut from a (100)-oriented P-doped (p=~4.5Q2 cm) Cz-

Si wafer, both sides of the samples were polished. The initial concentration of

interstitial oxygen and carbon was about 8x10'” and less than 2x10' cm™ , respective-

ly. The region of silica phase was produced by combined implantation of oxygen (150
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KeV, 2 -4x107 C cm?) and carbon (100 KeV, 0.2, 1 and 5x102 C ecm? ) ions, and by
subsequent heat treatment (650, 1150, 650+1150° C during 2 hours) in inert (Ar)
ambient. Specification of the samples under investigation is presented in Table 1.

Table 1. Specification of the samples

Sample  Regime of treatments G Cy d
1017 -3 ]017 -
(107 cm™) g) a’  (nm)

Al initial 8.4 57 -
A2 Implantatian of 0", 1..2x10"" am™ :C", 1.2x10"° cmm™ 9.1 11.0 -

2
A3 Postannealing at 650° C, 2 h 7.7 2.8 -
A4 Postanmealing at 1150° C.2h 9.1 14.5 -
AS Postannealing at 650° C,2h + 1150° C. 2h 85 layer 21
Bl mitial 8.1 5.7 .
B2 Implantation of O*, 1..2x10"" em? ;C*, 3.5x10"> c™ 84 6.7 -

2
B3 Postanmealing at 650° C,2h 8.0 45 -
B4 Postannealing at 1150° C, 2h 85 layer 20
B5 Postannealing at 650° C,2h + 1150° C. 2h 9.6 layer 27

IR transmission spectra were measured in the wavenumber range 950<v<1300cm'*
where the Si-O stretching band is located. The wafer of a float-zoned Si was used as a
reference sample. The analysis of the shape of the absorption band was carried out
using a method of computer deconvolution of the absorbance curves into gaussian pro-
files. As a result their main parameters (maximum position W, full width H at half
maximum, intensity I) were determined. The details of this method were described
earlier [4,5]. To make this procedure more unambigous the parameters of the gaussian
profile connected with interstitial oxygen atoms were fixed at W, =1107.5+0.5 cm’!
and H, =33+1cm™ [6,7]. The deconvolution accuracy was characterized by the r.m.s.
deviation of the summed gaussian profiles from the experimental spectrum and did not
exceed ~2x10 . To determine the structural components of the silica phase, the results
of deconvolution were interpreted in the framework of the random bonding mo-del
(RBM). The value of interstitial oxygen concentration (C; ) was determined from the
intensity of the 1107.5 cm™ band using a calibration factor of 3.0x10" at./em™ | the
concentration of the oxygen atoms incorporated in silicon-oxygen phase (C, ) was
estimated from the intensity of silica absorption band according to [7]. In both cases
the effect of multiple reflections was taken into account.

Changes in chemical composition with the depth of the samples on the different
stages of technological treatments were studied by means of the Auger electron spec-
troscopy;, the spectra were measured between successive steps of sample sputtering with
Ar* (2.8 KeV) ions.
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3. Results and discussion.

Figure 1shows changes in IR absorption spectra due to technological treatments of the
samples "A". It is seen that spectrum of the initial sample was characterized by a
rather symmetrical absorption band at 1107cm™ which is known to be inherent in
interstitial oxygen atoms. Ion implantation and subsequent low-temperature heat
treatment slightly influenced the spectral curve. In the case of high temperature heat
treatment of the implanted sample (especially in the combination with low temperature
pre-anne-

aling) IR spectra changed drastically: the ma-
ximum position shifted towards smaller wa-
venumbers to reach ~1100 cm™. The spectra
broadened in the range of 1000-1100 cm™ and
became asymmetrical. The differential

1
M‘\/’z‘
3 .

7 spectrum of such a sample (i.e. referred to

4 that of the initial sample) has the maximum

position at ~1080 cm™ which is known to be

,\/—5‘ inherent in bridging oxygen atoms in silica.
\\/E

Deconvolution of the Si-O stretching band
into gaussian profiles is presented in Fig. 2. It
is seen that in the case of the initial sample
(a) Si-O band can be described mainly with
elementary band of 1107.5 cm™! | two other
bands (1065and 1085 cm™ ) have the vaues H
960 1050 1150 characteristic for oxygen precipitate inclu-
WAVENUMBER (cm™) sions (~22 cm™ ) [7]. Analysis of their ma-
ximum positions in the framework of RBM
Figure 1. IR transmission spectra measured after  Statistics enables to conclude that these pre-
different stages of technological treatments of the  cipitates consist of the mixture of SiO, tetra-
ilwm:?;:;:g?&:;:n;ﬁm hedra and Si-Os -Si clustgrs. In the case pf the
(i.e. refferred to that of the initial sanp-le) sample B5 (b) the absorption band con-sists of
measured o the sample AS. three powerful contributions; one of them
(1107.5 cm™) is connected to intersti-tial oxygen, two other have the same parameters
(W- ~1050 and ~1085cm™ |H - ~60 and 45 cm™ | respectively) as in the case of the
spectra of silicon dioxide films ther-mally grown on silicon [4,8]. The same results
were obtained also for the samples AS and B4. This fact makes it possible to conclude
that in these samples the buried silica layer exists and its structure is very similar to
that of the thermal SiO, films, i.e. it may be represented as mixture of interconnecting
4- and 6-fold SiO, rings.

Figure 3 shows the data of layer-by-layer Auger analysis. Oxygen distribution
pro-files for the most of samples practically coincide with that for the initial one both
for depth and for the meaning of the straggling (2AR, =200 nm). For the sample BS
the oxygen distribution profile changes significantly: the implanted oxygen is tries to
po-sition itself in the narrow region situated between R,c. and Ryn. . This result
indicates the formation of a buried layer.

TRANSMISSION
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Using the intensity value of the absorption band created by elementary profiles
(~1050 and ~1085cm™ ) and taking into account that the absorption coefficient for si-
licon dioxide is 3.4x10%m™ [9] the thickness of the buried layer was estimated for the
studied samples. This value amounts to ~20-27nm depending on the dose of carbon
im-plantation and the regime of heat treatments. Auger spectroscopy gave a value of
the buried layer thickness (the etching rate of silica in our case was ~14 nm s') of
about

0.10 - (b)
10 N
‘ Ao
Py iy
Cl Hh
+ o
E ) [
. -
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g 3
~ 6 vy
¢
] oy
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o.w e 9 "‘ ’l ‘,'l .
] v :
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A -
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950 1060 1160 15
WAVENUMBER (cm ) SPUT.TIME (min.)
Figure 2. Examples of the deconvolution of the ab- Figure 3. Oxygen distribution measured by me-
sorbance spectra nto gaussian profiles for the sam- ans of Auger electran spectroscopy m the sam-
ples Bl (a) and BS (b). ples Bl (1) and BS (2).

22 nm. On the other hand, if one assumes that all implanted oxygen ions (the dose is
1.2x10"" cm™)are collected, due to the high-temperature treatment, in a silica layer ha-
ving a density of ~2.2 g cm™ , the thickness of this layer is ~27 nm. The agreement is
rather good.

The results obtained make it possible to follow the evolution of the structure of the
buried silica layer as a function of implantation and annealing conditions (see Tab-le
1). Implantation of carbon and oxygen ions leads to some increase of the oxygen
content in interstitials and in the precipitate phase. Subsequent low-temperature
annealing contrary decreases the concentration of briging oxygen atoms that agrees
with the known fact [10]. The most substantial changes take place during high-
temperature annealing. The efficiency of such annealings is strongly dependent on the
dose of implanted carbon. In the case of a rather small implanted dose of C (samples
A) heat treatment at 1150° C alone leads only to substantial growth of precipitate
phase, but no buried layer is formed. To produce it, low-temperature preannealing has
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to be carried out. If the dose of the carbon implantation is sufficiently high (samples B)
to produce the silica layer, high-temperature treatment alone is enough. If a two-stage
heat-treatment is used, the efficiency of the buried layer formation is higher - the
thickness of this layer is maximized under such condition. Thus, carbon implantation
enhance the process of silicon-oxygen phase creation due to the formation of preferable
conditions for oxygen accumulation in a rather narrow region and its subsequent
interaction with the silicon lattice.

The authors wish to thank A.G.Revesz for fruitful discussions. This work was
supported, in part, by a Soros Foundation Grant awarded by the American Physical
Society.
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OPTICAL INVESTIGATION OF SILICON IMPLANTED
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Russian Research Center “Kurchatov’ Institute”
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Abstract. Silicon layers implanted with high doses of oxygen and hydrogen
ions (separately and consequently) were investigated by IR-spectroscopy
technique. The absorption bands centered at 615, 630, 890, and 2110 cm ™!
were observed in the case of only hydrogen implantation. The bands cen-
tered at 460, 800, and 1060 cm~! were detected in the case of irradiation
with O% ions. Transmission spectra show the interaction between oxygen
and hydrogen implanted both to oxygen bedding region and “behind” of
it. The interaction follows from the facts: intensity of the band centered
at 890 cm™! increases, while the 615 cm~! band disappears, and inten-
sity of the 630 cm~! band decreases. Measurements of the transmission
spectra during thin removal of the implanted layers permit to draw and to
analyze oxygen and hydrogen states distribution profiles before and after
interaction. The result of interaction is different in the cases of hydrogen
implantation to the oxygen bedding region and “behind” of it, but in both
cases the oxygen removal from the surface to the deeper layers occurs.
The observed changes of the bands centered at 615, 630 and 890 cm ™! are
caused probably by the formation of defect complexes similar to E'H center
(O3 — Si — H). The obtained profiles of the oxygen and hydrogen states
before and after interaction can be used for simulation of the processes
taking place during Si oxide profile transformation by following hydrogen
implantation.

163

J. P. Colinge et al. (eds.), Physical and Technical Problems of SOI Structures and Devices 163—168.
© 1995 Kluwer Academic Publishers.



164

It is well known, that there is an active interaction between hydrogen,
defects, and impurities in 5102 [?].

The effect of transformation of the profile of previously implanted oxy-
gen as a result of following implantation of H* ions into oxide layer and
low temperature annealing at (1150 °C’) have been shown. Mechanism of
the profile reconstruction is not clear yet.

The purpose of the work is the investigation of the as-implanted S
layers, obtained by implantation of H+ and O ions separately and conse-
quently. Hydrogen was implanted after oxygen for the two cases: into the
profile of implanted oxygen and “behind” of it.

Oxygen and hydrogen implantation was carried out on ion beam acceler-
ator ILU-4/17 into p-type (111)-5i with p = 10 Q-cm. Target temperature
was (320 + 30) °C, ion dose was 8 - 1017 ions/cm? , oxygen ions energy was
40 keV , hydrogen ions energies were 6.5 and 20 keV'. In the case of subse-
quent irradiation there were two cases: 1) the calculated hydrogen profile
is superimposed on that of oxygen (at H' ions energy of 6.5 keV'), and 2)
the hydrogen profile is positioned deeper than that of oxygen (at H* ions
energy of 20 keV').

Transmission spectra of the implanted Si were received at room tem-
perature by using of spectral photometer IRS-29. At the same time, the
removing of thin S7 layers was carried out by chemical and electrochemical
etching methods. To control of the removed layers thickness, the weighting
technique was employed.

Defect complexes and chemical bonds displayed on the transmission
spectra, see Figure 1, agree with those published in [5,7].

Irradiation by H* ions gives broad intensive band centered at 630 ¢cm™
and two bands of less intensity, centered at 890 and 2100 cm™!, Fig-
ure 1(a),(b). The band at 630 ¢cm™! is complex. It can be decomposed on
Gaussians, Figure 2(a),(b). The main Gaussians are centered at 630 and
615 cm~1. They correspond to the deformation oscillations of the bonds at-
tributed to Si— H and Si— H; respectively. The band centered at 2110 cm ™!
corresponds to the stretching mode of these bonds [5,7]. The band centered
at 890 cm™! is not obviously identified — in this part of spectrum the de-
formation oscillation of the Si— H, Si— Hs, St — H; bonds on the pore
surface, and also E'H (O3 — Si — H) defect center [8] are situated.

As a result of the implantation by O% ions simple bands centered at
450 and 800 cm~! (corresponding to deformation oscillations of i — O —
Si bonds in §i03) and complex band centered at 1060 cm™! appear in
transmission spectra, Figure 1(c). To the last one the oscillations of bonds
of O and S4% in precipitates (Vmin = 1060 cm~! [9]), and in §:0, network
(z € 2) (Umin = 1060 cm™! [10]) make contribution. Estimation of the z
[10] gives the value of ~ 1.75.

1
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Figure 1. Infrared transmission spectra of Si implanted by oxygen and hydrogen ions
with the following implantation parameters: a) H* 6.5 keV, b) H 20 keV, c) O 40 keV,

d) HY 6.5 keV — after Ot 40 keV, e) Ht 20 keV - after O 40 keV. Ion doses were of
8-10'7 jons/cm?, in all cases.
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Difference between the precipitates shape leads to expansion of the
transmission band towards to the high wave numbers (1230 ecm™1) [9].

Implantation of the H* ions after O ions results to the decrease of the
concentration of centers similar to the Si— H, Si— H (630 cm™!),see Fig-
ure 1(d),(e), and quantity of the oxygen states. At the same time, hydrogen
implantation creates centers with transmission band at 890 cm™1,

Intensity of the each simple transmission peak (T') (or the component of
the complex band) is proportional to the concentration of the correspondent
states. Measurement of the spectra in conjunction with thin layer removing
gives the T' dependence on the removed layer thickness y, and %% = f(y)
-is the profile of each type of bond, Figure 3 (a)~(d). The areas under the
curves are proportional to these bonds concentration.

Differences in the H-centers distribution for H+ implantation at 6.5
and 20 keV ions are consistent with the diffusion redistribution of hydro-
gen in Si. In the case of small quantity of radiation defects (at 6,5 keV
for H* ion implantation), the implanted hydrogen diffuses until capturing
by impurities or another defects in Si lattice. In the case of 20 keV H*
ion implantation the quantity of created radiations defects is higher (ac-
cordingly to the calculated elastic energy losses) and H is captured in the
region of radiation defects, Figure 3 (a),(b). The significant part of the im-
planted hydrogen is trapped on the pores surface, the latter were observed
by optical microscope.

The implantation of hydrogen into the oxygen implanted region and
“behind” of it leads to redistribution of the oxygen bonds profiles. The
redistribution effect is different for cases of implantation of H+ with energy
6,5 and 20 keV, Figure 3(d),(e). In the both cases implanted hydrogen
removes oxygen from the surface to the deeper layer. In the region near
Ry, see Figure 3(e),the minimum in the distribution of 1060 cm~! band
appears, with increasing of the band centered at 890 cm ™! situated in the
same region. Taking into account that the appearance of the 890 cm™?
band is accompanied by the decreasing of the concentration of Si— H state
(630 cm~! ) and the disappearance of Si — H state, one can believe that in
our case 890 cm~! band is associated with E'H-center (O3 — Si — H) [8].
It should be noticed that interaction in this case is connected with S:0.
network and oxygen state in precipitates (1170 cm™!) are also changed.

As a result of this work, the following conclusions should be emphasized:

1. Interaction of implanted hydrogen with oxygen and radiation defects
have an effect on transmission spectra obtained immediately after im-
plantation.

2. The combination of optical measurements and thin layer removal tech-
nique permits to identify the defect states and to obtain their depth
distributions.
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3. The profile of the Si— H states is essentially dependent on H* energy,

and consequently on the concentration of radiation defects. The shape
of the profile may be explained by hydrogen diffusion in St affected by
the defects [1].

. Oxygen states distribution is table-shaped in the case of the only Ot

ion implantation. In the case of subsequent implantation, the influence
of the hydrogen on oxygen profile is dependent on mutual position of
hydrogen and oxygen profiles. The only space redistribution is observed
for oxygen in SiO, network (Vmin, = 1060 cm™1). The partial departure
of oxygen from precipitates occurs (probably to E'H centers (O3 —
Si— H), Vpmin = 890cm™1 ). Our conclusions are only qualitative at
this point.

. Thus, the obtained data are important for understanding of the pro-

cesses, which take place during the transformation of the implanted
oxide profile in silicon due to the subsequent H* implantation.
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ELECTRICAL PROPERTIES OF ZMR SOI STRUCTURES:
CHARACTERIZATION TECHNIQUES AND EXPERIMENTAL RESULTS

T.E. RUDENKO, A.N. RUDENKO, V.S. LYSENKO

Institute of Semiconductor Physics, National Academy of Sciences of
Ukraine

252650, Kiev-28, Prospect Nauki, 45, Ukraine

1. Introduction

The advantages of silicon on insulator (SOI) technology have been demonstrated in a wi-
de range of applications, which include high-speed and radiation-tolerant CMOS devices,
three-dimensional integration and very short channel VLSI circuits [1-3]. However, de-
sign and modeling of any new device require a detailed knowledge of electrical proper-
ties of used material. It is well known, that conventional characterization techniques used
for bulk Si structures can not be directly applied in the case of SOI. A number of elec-
trical characterization techniques suitable for SOI has been reported in the literature [4-
6]. In this paper, characterization methods based on the use of SOI gated diode and a
combined depletion-mode MOSFET and gated diode structure are presented. Proposed
methods are applied to characterize both thick- and thin-film laser ZMR SOI structures.

2. Device Fabrication

The measurements reported in this study were performed on laser ZMR SOI films con-
taining subgrain boundaries. The details of the fabrication ZMR SOI wafers are described
in [7]. Test structures of various geometries were fabricated by the conventional poly-
silicon gate CMOS process. The thickness of the silicon film was 350 nm. The thick-
nesses of the gate oxide and buried oxide were 65nm and 1000nm, respectively. For
comparison simultaneously with SOI-based test structures silicon on sapphire (SOS) and
bulk Si-based structures were prepared in the same technological processes.

3. Capacitance-Voltage Measurements of SOI Gated Diodes

It has been known that capacitance methods are not very suitable for SOI because of the

high series resistance of the Si film and the presence of parasitic capacitances [8].

However, these problems can be overcome by the use of proper measuring conditions.
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The influence of the series resistance can be avoided by decreasing of measuring frequen-
cy, which depends on the device geometry, doping level and the Si film thickness. The
parasitic capacitances of the conducting leads relative to the substrate can be excluded by
an appropriate bridge measuring circuit. In this case, the capacitance-voltage measure-
ments of SOI MOS structures allow one to determine a number of SOI parameters.

Below specific features of C-V-characteristics of SOI gated diodes are discussed.
Fig.1 demonstrates capacitance versus front-gate voltage characteristics of the SOI gated
diode with an undoped (or "natural") ZMR SOI film, which usually exhibits low n"-type
residual doping. Capacitance have been measured between the front gate and body with
p-n-junction reverse biased and for different back-gate biases.
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Figurel. (a) The experimental capacitance versus front-gate voltage characteristics of a SOI gated diode
with "natural” ZMR film, measured for different back-gate voltages and with p-n-junction reverse
biased. (b) Simplified equivalent capacitor schemes in different regions of measurements.
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In gated diodes the minority carrier response is controlled by p-n-junction, which acts
as a source and a sink for minority carriers of inversion layer, and not by generation-
recombination processes as in the case of MOS capacitors. Therefore, the inversion layer
can follow a.c. gate voltage and contribute to measured high-frequency capacitance. As
a result the capacitance sharply rises up to the front-gate oxide capacitance when the
inversion layer is formed at the front interface. It takes place at ps~=2@g+VR, where ¢p
is Fermi potential, Vp is the reverse bias of p-n-junction. A portion of nearly constant
capacitance, which corresponds to the series combination of the front-gate oxide capaci-
tance and depleted silicon film capacitance, is observed as the Si film is depleted and the
back interface is accumulated or inverted. When the back interface conducting channel
disappears, the capacitance drops due to the series connection of the low substrate capa-
citance. This is just the flat-band condition at the back interface. Thus, there are clearly-
defined points on C-V-characteristics, corresponding to the front surface inversion and
back surface flat-band conditions. Linear shifts of these points with the back-gate voltage
are described by the thin-film SOI theory [9] and therefore, can be used for rapid
evaluation of the Si film and buried oxide thicknesses as well as of front and back fixed
oxide charge densities. It is worth noting, that the reverse bias of gated p-n-junction

extends the linear part of interface coupling dependence (for (Z(DF"’VR)CSi/COf along

front-gate voltage axis and for (2‘PF+VR)(1+CSi/Cob) along back-gate voltage axis),
which is convenient for characterization purposes.

4. Transconductance Measurements

The results similar to those available from above C-V-measurements can be obtained by
transconductance measurements of SOI MOSFET with biased body contact. For
characterization purposes it is suitable to use the combined structure of depletion-mode
and enhancement-mode MOSFETs. A schematic top view of this structure, which can be
considered also as a gated diode, is shown in Fig.2a. Plotted in Fig.2b are static front-
gate transconductance characteristics of the depletion-mode MOSFET, fabricated in
"natural” (n") ZMR SOI film. These characteristics have been measured with the reverse
bias of lateral p-n-junction, overlapped by the gate, and for different back-gate biases. A
region of almost constant transconductance, varying with the back-gate voltage, is
caused by an accumulation channel at the back interface. One can see, that
transconductance characteristics in Fig.2b look similar to discussed above C-V-curves
and can be used for extracting the same parameters of the SOI structure. In addition, the
transconductance measurements in the considered combined structure allow one to
evaluate front and back surface channel mobilities of both electrons and holes in the
same silicon film. In undoped SOI films, having typically residual donor concentration of
(2-4)x1015 cm-3, they were about 800 and 400 cm2V-ls-! for electrons and holes,
respectively. It worth noting, that as a rule back surface mobilities in the investigated
ZMR SOl films are close to front surface values, which is in a general agreement with
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relatively low back surface state density (approximately 10!1cm-2 or less) obtained by
charge pumping technigue.
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Figure 2.(a) Schematic top view of the combined
depletion-mode and  enhancement-mode  MOSFET
structure. (b) Transconductance versus front-gate voltage,
measured in a depletion-mode MOSFET with "natural”
ZMR SOl film with p-n-junction reverse biased (Vg=-4V)
and for different back-gate biases (W/L=20pum/500um,
Vp=-0.1V).

5. Determination of Impurity Concentration and Carrier Mobility Profiles in SOI
MOS Structures

If the silicon film thickness is larger than a few Debye lengths, it is possible to determine
doping concentration and drift carrier mobility profiles using C-V and I-V-measure-
ments in the above mentioned combined depletion-mode MOSFET and gated diode
structure. Indeed, reverse biased gated p-n-junction removes the restriction on the
widening of depleted region under the gate and thus makes possible full depletion of
thick SOI films. In this case non-equilibrium C-V-characteristics can be measured and
used for extraction of the impurity concentration (or, more precisely, free carrier
concentration) profile in the silicon film [10].

On the other hand, the drain current in depletion-mode MOSFET is determined by the
conduction in an undepleted part of the silicon film, which is modulated by the gate
voltage through the vertical variation of the depletion layer width. For low drain voltages
and very long channels we can neglect the variaton of the depletion layer width along the
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channel. In this case the drain current variation, corresponding to the vertical variation of
the depletion layer width dx , is given by:

dip = q T Vp u(e) ne) dx, )

where W and L are channel width and length, respectively, n(x) is the free carrier
concentration and u(x) is drift majority carrier mobility at the front-gate depletion layer
edge.

Using the depletion approximation and applying Gauss' law at the front interface, we can
obtain the variation in front-gate voltage, associated with dx:

dVgr= ;q— x N(x) dx + ~Cﬂ—- N(x) dx , @)

s of

where x is the front-gate depletion layer width, N(x) is the ionized impurity
concentration at the front-gate depletion layer edge.
Assuming that N(x)=n(x) and combining (1) and (2), we obtain:

di, x/e +1/C,

n(x) = S
dv, V, W/L
Taking into account that x = g(1/C + 1/Cg) equation (3) can be rewritten:
di, 1
= P E—— 4
o= v, TVow L @

where C is front-gate-to-body capacitance.

Carrier mobility profiles have been determined in SOI films with different doping
profiles and compared with those in SOS films. Fig.3a gives an example of C-V-
characteristics (solid line) measured in depletion-mode SOI MOSFET with p-type Si film
doped by deep boron implantation to prevent creation of the inversion channel at the
back interface. Reverse biasing of lateral gated n-p-junction provides non-equilibrium full
depletion of electrically thick silicon film. The corresponding I-V-curve is shown by
dashed line. A sharp drop in the capacitance is due to pinch of the conducting channel in
the Si film, which is equivalent to the series connection of the substrate capacitance. As
can be seen from the figure, the current cutoff is observed at the same gate voltage.
Fig.3b shows the calculated acceptor concentration and hole mobility profiles. It is
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clearly seen, that non-uniformly doped SOI film exhibit also non-uniform mobility profile.
In uniformly doped ZMR SOl films the carrier mobility is nearly constant across the
silicon film thickness, in contrast to SOS films, in which it drops abruptly in the vicinity
of the silicon-sapphire interface. This is readily apparent from the fact, that as a rule in
SOS structures the current cutoff takes place long before full depletion of the Si film
determined from C-V-curve (Fig.4).
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Figure 3. (a) C-Vcharacteristics (solid line) and I-V-curve (dashed line) of a depletion-mode MOSFET
with p-type Si film doped by deep boron implantation (D=3.75x10!2 cm2, E=100 keV). Capacitance
was measured with a 10-kHz signal and for different reverse biases of n-p-junction. The substrate was
held grounded. I-V-measurements were performed with Vp=18V. (b) The calculated acceptor
concentration profile (solid line) and the hole mobility profile (dashed line).

< <
~ 3 ~ 3
2 Te ¢ o
5’ [- % x [-%
+ 1" ~ -
w = b}
= - o Z
e 8 %
21 N 2 o1 a
z |vp=0av N\ 15 £ 12
o =

W/L=20/500 \ o
S il 1N ! CHS I T S

-4 0 4 8 -4 -2 0 2 4
FRONT GATE VOLTAGE (V) GATE VOLTAGE (V)
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cutoff take place at the same Ver
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In Fig.5 an average electron mobility is plotted as a function of the donor concentra-
tion in SOI and SOS films. It is evident, that an electron mobility in the investigated
ZMR SOl films considerably exceeds that in SOS films and, in spite of the presence of
subgrain boundaries, is closely approaching to corresponding values in bulk Si with the
same doping levels. Actually, it is well-established, that subgrain boundaries do not affect
the majority carrier transport.
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Figure 5. Drift electron mobility as a function of the
donor concentration in SOl and SOS films.

6. Generation and Recombination Currents in SOI Gated Diodes

Because generation processes are responsible for the junction leakage, they are of great
importance for SOI, main application of which is CMOS techology. On the other hand,
the generation carrier lifetime reflects the material quality, as it is known to be extremely
sensitive to the material crystalline defects and purity. An understanding of the
recombination current behaviour in thin-film SOI MOS structures may be useful when
analyzing parasitic bipolar effects.

In this paper particular attention is given to an unusual behaviour of generation and
recombination currents in thin-film SOI MOS structures associated with interface
coupling and specific free carrier distribution in the Si film. It can be readily illustrated by
the example of the gated diode technique. The gated diode technique is widely used for
bulk Si structures, because it enables one to separate easily the surface and volume
generation and recombination components [11]. But in thin-film SOI gated diodes
generation (reverse) and recombination (forward) current characteristics substantially
differ from those of bulk Si structures.

Fig.6a shows the reverse current as a function of the front-gate voltage measured for
different back-gate biases in p*-n--n* gated diode made in "natural" ZMR SOI film. It is
convenient to consider these results in conjunction with C-V-measurements discussed
above. The characteristics on the lefi-hand side of Fig.6a, measured at positive back-gate
biases, in general, look similar to those of bulk Si structures. The rise in the reverse
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current corresponding to "switching-on" generation under the gate, takes place when
0g=@F The current rise is stopped as the Si film and back interface become depleted.
The step down in the reverse current is observed at the onset of inversion at the front
interface (Qg=2@Ft+VR). In the case of bulk Si structures these steps down are usually
attributed to "switching-off" surface generation under the gate, when the inversion layer
is formed. However, as can be seen from Fig.6a, in the case of SOI the height of these
current steps is not constant, but essentially depends on the back-gate voltage. At
negative back-gate voltages the reverse current drops near to zero when the front surface
becomes inverted, and characteristics are entirely distorted. It is explained by the fact,
that only silicon regions with free carrier concentration lower than intrinsic concentration
contribute to the generation current. Due to interface coupling in fully depleted SOI
MOS structures the free carrier distribution and the thicknesses of inverted and depleted
parts of the Si film (and consequently the actual generation volume) depend significantly
on the back surface potential.
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Figure 6.(a) Reverse current versus front-gate voltage, measured in a SOI gated diode with n-type
silicon film for different back-gate biases. (b) The potential distribution in the Si film for different back
surface potentials with front surface inverted.

Fig.6b shows the potential distribution in the silicon film (N=1x1015 cm3,
dg;=300nm), calculated for the front surface inversion and for different back surface
potentials. The inversion layer thickness can be evaluated as the distance from the
surface where the potential reduces by ¢f. As can be seen from the figure, the inversion
layer thickness is minimum for accumulated back surface. If the back surface potential
differs from front one by Fermi potential or less, the inversion layer occupies the whole
film. Therefore, the steps down observed in the reverse current at the onset of inversion
are caused by "switching off" not only surface generation under the gate, but also
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generation in the significant part of the Si film, where minority carrier concentration
exceeds intrinsic concentration. When the whole film under the gate becomes inverted,
the generation current falls to zero. If the back interface is initially inverted or close to
inversion (negative back-gate voltages in Fig.6a), an increasing of negative front-gate
voltage leads to spreading the back surface inversion layer into the Si film, thereby
reducing the generation volume and the generation current.

From the above it follows, that in determination of generation parameters in SOI
MOS structures the free carrier distribution, dramatically changing the actual generation
volume, should be taken into account. This is difficult to perform in transient techniques
(DLTS [12], Zerbst-like technique [13]), but it is quite possible in steady-state non-
equilibrium techniques as junction leakage or gated diode current measurements.

In a similar manner, the behaviour of the forward (recombination) current in thin-film
SOI gated diodes greatly depends on back surface conditions. In general case the
forward current in SOI diode consists of several components, including the diffusion
current, the bulk recombination current and surface recombination at front and back
silicon film surfaces. All of them depend on the free carrier concentration and are
decreased with increasing n and p. Since the variation in the back-gate voltage changes
free carrier distribution in thin-film SOI MOS structures, it changes the forward current
also. As the whole silicon film is accumulated or inverted, the forward current is
minimum. Under intermediate conditions different shapes of the characteristics can be
observed, making difficult extracting recombination parameters.

Unique d-shaped current-gate voltage characteristics are observed in double-gate
regime at low forward biases in p-i-n SOI gated diodes (Fig.7). It is explained as follows.
In double-gate regime in thin (low doped) SOI film the potential is nearly constant across
the film thickness, as shown in Fig.7. As a consequence, at positive gate voltages the
entire silicon film under the gate is enriched by electrons, so that i-region transforms into
n*, reducing forward current components. Similarly, at negative gate voltages i-region
transforms into p*, resulting in the negligible forward current. The forward current is
maximum, when the Si film and its both interfaces are depleted (more exactly, when

(pz((pnﬂpp)/ 2 with ¢, and @, being the corresponding quasi Fermi levels). The current
maximum rises exponentially with forward bias. At low forward biases an ideality index
equals 2. It means that the recombination component is dominant in the observed for-
ward current. In this case it is possible to evaluate the effective recombination lifetime,
which includes the influence of surface recombination. In the example presented in Fig.7,
it is about 90 ns.

The generation carrier lifetime obtained by the gated diode technique in the investiga-
ted ZMR SOI films lies in the range (0.4-1.2)x10° s, which is two orders higher than
that in their SOS counterparts, but nearly two orders lower than in bulk Si structures. It
is probable, that the reason for lower generation lifetimes in ZMR SOI films is the
presence of subgrain boundaries.
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Figure 7. Forward current versus gate voltage, measured in p*-n-n+
SOI gated diode in double-gate regime for different forward biases of
p-n-junction. The insert shows the experimental setup and the
potential distribution in the Si film (N=2x10'5 cm3, dg;=300nm).

7. Conclusion

In this paper, electrical characterization methods based on the use of a SOI gated diode
and a combined depletion-mode MOSFET and gated diode structure have been presen-
ted and applied to investigate laser ZMR SOI structures.

It is shown that capacitance-voltage measurements of SOI gated diodes under proper
measuring conditions allow one to evaluate a number of parameters in both thick- and
thin-film SOI structures. A simple method to determine doping concentration and carrier
mobility profiles in the Si film is proposed, based on depletion approximation and using
capacitance-voltage and current-voltage measurements in the combined test structure
under consideraton. Proposed method is demonstrated on SOI and SOS films with
different doping profiles.

An unusual behaviour of the reverse and forward currents in SOI gated diodes, related
to interface coupling and specific free carrier distribution in thin SOI films, has been
analyzed. It is shown, that the back interface conditions strongly affect the observed
generation and recombination currents as a result of the variation in the thickness of the
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inverted and depleted parts of the Si film. 8-shaped current-gate voltage characteristics
observed in double-gate regime in forward biased p*-i-n* SOI gated diode are presented.
It is explained by sharp decreasing of the recombination current when the whole silicon
film under the gate becomes accumulated or inverted.
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ABSTRACT

In this paper we review the physics and technology of poly-Si TFTs fabricated with a
glass substrate compatible technology, and, where appropriate, compare them with SOI
devices. The topics covered include the formation and crystallisation of poly-Si, the
trapping state distribution and leakage current and hot carrier instability phenomena.

1. Introduction

Poly-Si thin film transistors on glass are commanding increasing attention because of
their application to active matrix flat panel displays (AMLCD). As their name
indicates, the active material is poly-crystalline, and therefore the performance
achieved from these devices is inferior to their single crystal SOI counterparts.
However, as the material improves, it is likely that some of the issues common to SOI
devices will be observed in poly-Si devices. In spite of their limited performance
compared with SOI devices, it is with a-Si:H TFTs that the comparison should be
made in context of the AMLCD application. The electron field effect mobility in a-
Si:H is <1cm?/Vs, whereas values of >100cm?/Vs have been reported for poly-Si
[1,2]. It is this considerably higher mobility which is the key feature in this
application, because it enables various addressing circuits to be fabricated on the
AMLCD plate.

Detailed discussion of the AMLCD application is beyond the scope of this
paper and the following material will focus on reviewing the present status of the
physics and technology of poly-Si TFTs on glass. Topics covered include deposition
and crystallisation of poly-Si, the influence of the trapping state density on device
properties and a brief discussion of leakage current and hot carrier instability effects.
Finally, a more conventional SOI technology has been reported for the fabrication of
small projection displays on glass [3] and quartz [4] and these approaches will be
briefly reviewed and compared with poly-Si.

2. TFT Structure

The two basic processes used for low temperature poly-Si TFT fabrication employ
183
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either furnace or laser crystallisation of amorphous pre-cursor films.
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Fig. 1. Cross-sectionaldiagrams of poly- Fig. 2. Transfer characteristics of poly Si
Si TFT architectures a) channel etched TFTs: A- laser crystallised, B- solid phase
coplanar, b) ion implanted coplanar. crystallised.

The most commonly used structure, especially for furnace processed devices,
is a poly-Si gated auto-registered device which is similar in design to standard single
crystal MOS and SOI devices. Ion implantation is used to dope the auto-registered
source, drain and gate regions, and low temperature oxide deposition is used for the
gate dielectric. A variety of procedures, including APCVD, PECVD and LPCVD,
have been successfully used for this layer. After annealing at temperatures of ~600°C
plus an MOS wet bake, interface state densities and fixed charge densities of
~5x10"%m?V"! and 2-3 x10"" cm?, respectively, have been obtained [5].

A wider variety of device designs has been used for the laser crystallised
devices, largely because this technology was initially seen as a process addition to a-
Si:H TFTs. In many instances this has resulted in the use of non-implanted structures
[6-8], in which the source and the drain regions have been formed from doped
deposited layers. The architectures have included top gated staggered [6], channel
etched coplanar [7] and inverted staggered [8]. In our own work we have used both
the channel etched, non- implanted structure shown in figure 1a as well as the
implanted structure in figure 1b. An important difference between these structures and
the auto-registered device is the presence of gate-drain overlap and the associated extra
capacitance which will deleteriously affect circuit performance.

The device characteristics obtainable with the different structures and
processes are qualitatively similar as shown by the transfer characteristics in figure 2.
A principal difference between the two processes is the larger on-current with the laser
crystallised device due to its higher electron field effect mobility. Aspects of the
device characteristics, are discussed in the following sections.
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3. Poly-Si Deposition and Crystallisation

The principal technique for the deposition of poly-Si is by low pressure chemical
vapour deposition (LPCVD) using silane. Practical deposition rates of 1 - 10 nm/min
are obtained over the temperature range 540-620°C. For typical silane pressures of
100-200 mtorr, films will be deposited at the upper temperature in a fine grain
columnar form. The grain size is typically 100nm and with a preferred <110>
orientation. At the lower temperatures the films are more likely to be amorphous, but
the precise structure of the film depends upon both pressure and temperature as shown
by the work of Joubert et al [9]. In particular, it was shown that at the lower
temperatures, as the silane partial pressure reduced, the films were more likely to be
deposited in a poly-crystalline rather than an amorphous form. This work was
extended by Voutsas and Hatalis [10], who demonstrated that the variation of
crystallinity with system pressure and silane partial pressure could be correlated with
the film deposition rate. This was explained in terms of the silicon adatom diffusion
length during the time taken to grow a further mono-layer, which then immobilised the
adatom.

Although early work used directly deposited LPCVD poly-Si at 620°C, the
fine grain nature of this material resulted in electron mobilities of <10cm?/Vs. More
recent work in this area includes the innovative use of plasma deposition to realise
higher mobility material at much lower temperatures [11].

Films deposited in the amorphous state, and then thermally crystallised into
poly-Si, have been shown to have higher carrier mobilities {12,13], due to the larger
grain size compared with films deposited in the poly-crystalline state. The use of
amorphous films, as pre-cursor material, has meant that large area plasma enhanced
(PE)CVD is also used [5]. Crystallisation of the amorphous material is achieved either
by solid phase crystallisation (SPC) at temperatures of ~600°C or by the use of a
laser. The important features of these different approaches are summarised below.

3.1. SOLID PHASE CRYSTALLISED (SPC) AMORPHOUS SILICON

Amorphous films of silicon can be readily deposited at ~550°C by LPCVD with a
silane pressure of 200 mtorr. At this temperature and pressure useful growth rates of
~2nm/min can be achieved. Amorphous silicon films deposited at ~250°C using
plasma enhanced (PE)CVD can also be used as pre-cursor material. This exploits the
use of large area deposition equipment available for a-Si:H TFTs and also benefits
from the higher deposition rates achievable with this technique ( ~25nm/min). As the
crystallisation of all these films is not directly seeded, but relies upon random
nucleation from regions of incipient micro-crystallinity, crystallisation times of several
hours are needed at ~600°C. Typical crystallisation results obtained from LPCVD
and PECVD films are shown by the surface reflectance data [14] in figure 3. The
process is characterised by a transient nucleation period followed by grain growth from
these centres leading to complete crystallisation of the film. A detailed description of
the time dependence of the process is given by the Avrami-Johnson-Mehl equation
{13]. The PECVD films are generally found to have a longer nucleation period than
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the LPCVD films which is attributed to a lower degree of inherent order in the films
(due to the lower deposition

S0 » :;Z% I: Sgg;i temperature). It is generally expected
T sl s that the inherent order, or incipient
5 crystallinity, within the pre-cursor film
~ gl will decrease with reducing deposition
® temperature and with increasing
g M deposition rates [13].  Hence, by
T 2 optimising these conditions, larger grain
3 films may be obtained.
0 The grains resulting from this
Time (hours) process are generally elliptical in shape
due to preferential growth in the
Fig. 3. Time dependence for SPC of <112> direction [15], and dendritic
LPCVD and PECVD amorphous silicon due to the formation of twins along
films. [111] boundaries. The highly faulted

nature of these grains is believed to limit

device performance compared with the crystallographically more perfect grains formed
by laser crystallisation (as discussed below). The influence of grain size on device
behaviour is shown by the results in figure 4 in which the electron field effect mobility
is shown to increase with film

40 [ Typ= 550°C -0.3 thickness for LPCVD material

= - ]l § {16]. However, as also shown in
‘g - 30 - Jo2 ; this figure, the variation with film
X 20k - Z’ thickness is due to a comparable
£E 5 variation in grain size with film
= 10 | 1o 2 thickness. Transmission electron
£ 1 2 microscopy has shown that grain

nucleation in these films occurs at

! 1 1 1
0 0.05 0.1 0.15 0.2 0.25

Poly—-Si fitm thickness (um) the rear Si/SiOz interface, and

suggests that, for the thinner

Fig. 4. Variation of field effect mobility films, the inter-nuclei separation
and mean grain size with film thickness is greater than the film thickness,
after SPC of a-LPCVD Si. such that unimpeded grain growth

can occur until the top surface is
reached.

3.2 LASER CRYSTALLISED POLY-SI

The most widely reported laser crystallisation technique of a-Si on glass has been with
rare-gas halogen excimer lasers [6-8, 17-19]. The standard gas mixtures and output
wavelengths are ArF (193nm), KrF (248nm) and XeCl (308nm). These are all short
duration, pulsed lasers (10-30ns) operating in the ultra-violet wave band and have been
found to be well suited to the crystallisation of silicon on glass. This is because the
optical absorption depth in amorphous silicon is about 6nm [20] at these wavelengths,
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such that the radiation is strongly absorbed in the silicon surface and can readily cause
melting, whilst the short pulse duration results in a correspondingly small heat
diffusion length of ~ 100nm in the silicon itself [20] and ~200nm in films of Si0O,
which can be used to cap the glass substrate and thereby protect it from excessive
temperature excursions. Measurements [21] and calculations [21,22] have
demonstrated that with suitable SiO, film capping, the temperature of the underlying
glass surface can be kept below ~400°C.

The crystallisation system used in the work reported below has been
previously described [7] and consists of a KrF laser delivering 30ns duration pulses at
a typical frequency of ~10Hz. A semi-gaussian beam was used for the irradiations
with stripes of crystallised material being formed by sweeping the sample through the
beam in the direction of the gaussian energy distribution. The energy densities quoted
are those measured at the peak of the gaussian. In order to avoid uncontrolled
hydrogen release from hydrogen-rich PECVD films, the swept semi-gaussian beam is
preferable to a stepped homogenised beam [7], unless multiple low energy passes are
used with the latter to de-hydrogenate the silicon before the final high energy
crystallisation [8].

Figure 5 shows the typical grain structure observed in cross section
transmission electron microscopy after laser crystallisation of a 150nm thick a-Si:H
precursor [1] layer. The film is seen to be stratified into a large grain surface layer

Fig. 5. Cross-sectional TEM micrograph
of laser crystallised PECVD Si.

and a fine grain underlying region. Comparable stratification has also been reported
by other workers for a-Si:H [23,24] as well for low hydrogen content LPCVD a-Si
[24]. The depth of the large grain layer is related to the primary melt depth produced
by the laser and the fine grain material is believed, by analogy with results on
crystalline silicon [25], to result from the rapid propagation of a buried molten layer
through the film. The relative depths of these two layers are a function of incident
laser energy as shown by the results in figure 6. It will be seen from this figure that
the large grain layer achieves a limiting maximum thickness of ~50-60nm, although
the average lateral size of the grains continues to grow with increasing energy after the
depth has saturated. As found with the SPC material, and as discussed below, the
grain size influences the device behaviour. By extrapolating the grain depth data in
figure 6 back to zero, an approximate value of 95 mJ/cm*/pulse was obtained for the
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melt threshold energy of the 150nm

A « Fine grain depth

thick a-Si:H layer. PO R Lo gram s 4
The threshold energy for oot )
melting the film, E;, can be obtained E
from the following approximate o %r
analytical solution of the heat = 60 b
diffusion equation [26], (assuming £
that the material constants are & 40r
independent of temperature and that 20 |
the thermal diffusion length, VD, is
greater than the optical absorption 050 ToE = o
depth): E (mJ/em? /puise)
Fig. 6. Energy dependence of the

stratified film features shown in figure 5.
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where 7 is the pulse duration, ¢ is the density, C, is the specific heat, R is the surface
reflectivity, T, is the melting temperature and T, is the initial temperature. Equation
3.1 applies if the film thickness, W, is greater than the thermal diffusion length vV'D7.
If this condition is not satisfied, ie the sample is thinner than the diffusion length, then
VDr is replaced by W.

Using quoted optical and thermal constants for a-Si [20] in equation 3.1, the energy
threshold for melting is calculated to be 82mJ/cm?® for a 30ns pulse. This value is
comparable to numerical simulations of Unamuno and Fogarassy [27]. In view of the
simplifications involved in deriving the analytical expression, the agreement with the
experimentally measured threshold
energy, of ~95mJ/cm? is quite good.
Moreover, other published data fall
within the range of 100+ 30ml/cn?
[17,23,28].  Although there is a
clustering of the experimental results,
they do cover an appreciable range of
energies. There are several reasons

' for this: firstly, as shown by equation
300 is a

14

R275 (%)

100 150 200 250

Peck pulse energy density (mdJ/cm2/pulse)

Fig. 7. Variation of laser crystallisation
behaviour with hydrogen content (see table
I) of a-Si films.

3.1, the threshold energy
function of pulse duration and this
will vary with different gas mixtures
and is rarely quoted. Secondly, the
hydrogen content of the material

affects the threshold energy [1] as
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shown by the 275nm surface reflectance [14] data in figure 7. The step in the curves
has been correlated with the stratified nature of the films. These results show how the
melt threshold changes from ~ 80mJ/cm*/pulse to ~ 130mJ/cm*/pulse as the hydrogen
content of the films is reduced by changing the preparation technique. The hydrogen
content of these films, as measured by SIMS, as given in table 1

Table 1
# Film Taep Post Anneal H
(°C) (em?)
A PECVD 200 8 +2x10%
B PECVD 250 4.5+1.5x10%
C PECVD 250 1h @ 500°C 1.5x10®
D LPCVD 540 2x10"

It will be noticed that the thermally de-hydrogenated PECVD sample behaves similarly

to the low hydrogen content LPCVD sample, confirming that the significant variable

between these films is the hydrogen content. The explanation of the role of hydrogen

can be obtained by reference to equation 3.1, from which it can be concluded that

increased hydogen is either reducing the melt temperature or the thermal diffusivity of

the films. From the observation that the melt threshold energy increases more strongly

with film thickness for LPCVD material compared with PECVD material, we conclude

that the major effect is upon the diffusivity. Another factor contributing to the spread

in reported melt thresholds is that the value has been found to vary with both pulse
shape and scanning mode and the total number of pulses [24].

The electron field effect mobility is generally found to increase with laser

energy as shown in figure 8. This is partly an artefact of the field effect mobility

80 measurement and is initially due to

*388/F  sonm the increased depth of the large grain

surface layer to a value such that the

band bending necessary for surface

inversion can be accommodated

within this layer [1]; beyond this

point, the increase is due to the

increase in lateral grain size shown in

; figure 6. The results shown in figure

250 8 were obtained from a 150nm thick

Incident energy density (mdJ/cm?pulse) film, but at the higher energies, at

which the maximum depth of large

Fig. 8. Variation of clectron field effect grain crystallisation is achieved, there

mobility with incident laser energy density. is also a film thickness dependence to

the mobility. This is shown in figure

9 in which there is an appreciable increase in electron mobility as the film thickness

is reduced from 80nm to 40nm. TEM examination of these samples has shown a 3-

fold increase in grain size in the thinner films. This change in grain structure can be
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correlated with the complete melting of the thinner films with a consequent
modification to the crystallisation process.

150

r #395 E = 200mJ/cm? /puise

é;'; 1254
S > 100+
T E
2E 750

>
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-—
38
Sg osf

i 1 1 L 1 1 1
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Film thickness (nm)

Fig. 9. Variation of electron field effect
mobility with film thickness following
laser crystallisation at 200mJ/cm?/pulse.
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By and large, the high
field effect mobilities
(>100cm®Vs)  [2,6,28,29] are
greater than those obtained by solid
phase crystallisation of a-Si,
discussed in section 3.1, in spite of
the grain size being comparable or
smaller (~100-300nm). The
apparent inconsistency results from
the difference in grain quality
between the two processes. The
laser crystallised material has few
line or plane defects within the
grains, whereas the SPC material

consists of large dendritic grains which are rich in intra-grain defects such as twins,
micro-twins, stacking faults etc. Apart from these potential scattering centres, the
grain boundaries themselves may be different, but detailed high resolution electron
microscopy is needed to clarify these differences.

4. Trapping State Distributions

0.6
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E.~E (ev)
Fig. 10. Poly-Si trap state density

measured across the upper half of the band
gap by DLTS.

The TFT transfer characteristics shown
in Figure 2 have sub-threshold slopes
of ~0.6 -1.0 V/dec and these values
are a direct indication of the fixed
charge density in the surface space
charge layer as the energy bands are
bent towards electron accumulation.
Using the standard single crystal
MOSFET analysis, these values would
be indicative of space charge densities
of 107-10"%cm®.  The high space
charge density arises from trapping
states at grain boundaries and at intra-
grain defects. The arguments above
are merely illustrative of the order of
magnitude effects observed in poly-Si,
and are not a rigorous analysis. To do
the latter, the energy distribution of
deep lying trapping states has to be
known and appropiately allowed for in
the solution of Poissons’ equation.
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The trapping state distribution, obtained irom DLTS measurements on a poly-
Si TFT [30], is shown in figure 10 (the absolute accuracy of the measurement is about
a factor of 2); the TFT used for this measurement had a sub-threshold slope of
~1.14V/dec. The distribution is continuous across the upper half of the band gap and
rising towards the conduction band edge, with volume trap densities of
10'%-10cm?eV™. Qualitatively similar distributions have been obtained by other
techniques such as the field effect analysis of the transfer characteristics [31] and
numerical simulation of the TFT characteristic [32].

In a number of analyses [31,32] if has been found convenient to treat the trap
distribution as an exponential or the sum of two exponentials:

N(E) =Nnexp—£ +Nnexp—£ 4.1)
E, E,

where E is measured from the nearest band edge, E, and E, are the characteristic

energy widths of the distributions and Ny, and Ny, are the trap concentrations per unit

volume per eV measured at the band edges. For instance, the trap distribution

extracted from the DLTS measurement can be represented by

E +3.2x10%exp- E

N.(E)=2.8x10"%exp - _E
HE) XP"073 3.8x102

cm3leVt  (4.2)

In analogy with a-Si analyses [33], the two distributions have been ascribed to deep
states and band tail states. The former are associated with dangling bonds at grain
boundaries and the latter with disorder induced states arising from features such as
micro-twins and weak Si-Si bonds.

Large volume densities of trapping states distributed through the band gap can
have a significant effect upon both threshold voltage and field effect mobility {33], as
well as their dependence on V; [34]. In these respects, the poly-Si TFT is different
in its behaviour from its single crystal counterpart. The effect of the continuous
distribution of states can be readily appreciated by noting that, in contrast to a single
crystal or SOI device in which the surface charge induced by the gate voltage beyond
threshold consists mainly of free carriers, in the case of poly-Si there may be a
continued partition of induced charge between trapping states and free carriers. In
extracting a field effect mobility, the implicit assumption is that all induced charge is
free charge; if, however, a fraction of it is trapped then the carrier mobility will be
underestimated. This has been demonstrated in a series of illustrative calculations by
Migliorato and Quinn [34]. Clearly the magnitude and significance of the effect will
be determined by the detailed distribution of trapping states and an order of magnitude
appreciation of this can be obtained by considering the rate of change, with Fermi level
position, of the free carrier (n,) and trapped carrier (n,) volume densities at the surface:

dn, -N E E
Y T exp-F = 1. Tx10P exp-—E 4.3
dE, kT P Tpr- T SPTep @3
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and, applying the zero Kelvin occupancy approximation to an exponential trap
distribution,

dn -E
—'=-N_exp—" 4.9
aE, TPE

(It should be noted that the zero Kelvin approximation will underestimate the trapped
charge density, but it has the merit of yielding a simple analytical expression).
Unless the value of equation 4.3 is appreciably greater than that of equation
4.4, carrier trapping effects can be significant. For instance, the values of equations
4.3 and 4.4, with E; positioned at Ec-0.1eV (n,=9.1x10'cm?), are 3.5x10"cm?ev!
and 2.2x10"cm?eV"!, respectively, using the values of Ny and E; obtained from the
DLTS measurement. This would indicate a field effect mobility of no more than 61 %
of the free carrier mobility. This approximate indication has been confirmed by using
the trap distribution obtained from

10¢ tg = 80nm the DLTS measurement in a 2-D
/oo | tax =150nm device simulator to calculate the TFT
- transfer characteristic: this had a sub-

Siope = 0.5 threshold slope of 0.94V/dec and a

3 field effect mobility of 53% of the

E 7 input free carrier mobility.

-~ However, the effect of the

1 1 . distribution of trapping states in

reducing the field effect mobility by
47% is likely to be an upper estimate
in well engineered TFTs. This is

10" 10" 10" 10%
=3 -1
Ny (em “ev )

Fig. 11. Calculated variation of TFT sub- because the sub-threshold slope of the
threshold slope with Ny, (from equation device used was 1.14V/dec and
4.2). values down to 0.5V/dec have been

obtained in higher quality TFTs,
fabricated by, for instance, laser crystallisation. However, even in these devices, the
values of sub-threshold slope and threshold voltage are still larger than in single crystal
or SOI devices and are directly detemined by the trapping state distribution. This is
illustrated by the results in figure 11 in which we show the calculated dependence of
the sub-threshold slope on the value of Ny, from equation 4.1, in which the other
parameters are the DLTS values quoted in equation 4.2.

5. TFT LEAKAGE CURRENTS

The attainment of low, well controlled off-state leakage currents is a prime requirement
for pixel TFTs in AMLCDs. This has been one driving factor in the investigation of
the leakage current phenomena, the other has been to identify the mechanism which
results in the widely reported exponential dependence of the leakage current on gate
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and drain bias. These bias dependences are shown in figures 2 and 12a, respectively.
The current is independent of channel length and results from a generation process at
the drain junction [35]. In view of the strong bias dependence, the generation
mechanism cannot be pure thermal generation, and has been associated with a field
enhanced process. Similar phenomena have been reported in single crystal Si devices
[36] and in SOI devices [37] under high field conditions.

Various models have been put forward to characterise the mechanism,
including trap to band tunnelling [38], the Poole-Frenkel effect [39] and phonon
assisted tunnelling from traps [35,40-42]. For pure tunnelling, the non-zero activation
energy, shown in figure 12b, would not be expected; the Poole-Frenkel effect does not
predict the correct form of the exponential current dependence on bias, nor would it
give the observed dependence of activation energy on bias [43]. Phonon assisted
tunnelling offers the most satisfactory explanation for the majority of the published
data, although the detailed explanations have varied between mid-gap trap to band
transitions [35], inter-trap hopping [42] and band tail state to band transitions {41].
The expression given by Vincent et al [44] for phonon assisted tunnelling from traps
in the drain space charge region has been incorporated into a simple junction
generation current model and fitted to the experimental data shown in figures 12a and
b. To achieve these fits it was necessary to use a carrier effective mass of 0.2m,
(transverse electron effective mass) and a drain space charge density of 1x10'’cm™ to

107 ¢ 114/24 Eact(eV)
Ip E Vg=-5V 0.6 Poole~Frenkel
(A/cm2) [ ©
— i *
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Fig. 12. a) experimental I-V, off-state data and fitted phonon assisted tunnelling model,
b) experimental variation of leakage current activation energy with drain bias and
calculated curves for phonon assisted tunnelling and the Poole-Frenkel effect.

achieve the fields necessary to promote tunnelling. The drain space charge density due
to the traps will be given by the trap density within ~2kT of mid-gap. From the data
in figure 10, this amounts to ~ 1.5x10"%cm™ which would be insufficient to generate
the necessary peak fields of >2x10°V/cm. However, numerical modelling of the TFT
has shown that the required fields are produced by 2-D drain-gate coupling, which is
particularly strong for the near abrupt junctions formed in these devices. This is
illustrated by the results in figure 13 (for V,=5V) showing the dependence of the peak
surface field on gate bias for the trap state density given in equation 4.2. It will be



x10° seen that, in the off-state, fields of
Epe | the appropriate magnitude are
(W/em) produced, and, because of the

dominace of 2-D gate-drain coupling
effects, there was no change in the
field for a trap state density 10 times
4 lower. Clearly for sufficiently large
mid-gap trap concentrations, the
space charge itself would ultimately
3F influence the field. (Although the
traps may not be responsible for the
magnitude of the field, they will of
course constitute the generation

::= 122:: centres). The 2-D coupling effect

1L AR, = 56nm also explains why, when the trap

state density is reduced, in for

instance laser crystalled TFTs with

0, 5 __'5 : 6 low.value's of §ub-threshold slope, the

v V) device still displays field enhanced

¢ leakage currents with an unchanged

Fig. 13. Calculated variation of maximum V¢ and V, dependence (as in figure
drain field (V,=5V) with gate bias for the 2).

trap state density given by equation 4.2.
(A standard deviation of 56nm was used
for the lateral straggle of the drain dopant
beyond the defining window edge).

6. INSTABILITY ISSUES

A number of instability mechanisms have been identified in poly-Si TFTs under
different combinations of drain and/or gate bias stress including ionic drift and carrier
trapping instabilities in the gate dielectric {35], water related instabilities in undensified
gate oxide layers [45] and hot carrier induced instabilities [35,46]. The hot carrier
instabilities arise from combined gate and drain bias stress and are qualitatively similar
to instabilities reported in single crystal and SOI devices [47].

For on-state hot carrier stressing, the major effect has been an increase in
leakage current and a reduction in on-current [35,46]. Both are associated with
trapping state creation near the drain, and the dependence of the on-current reduction
on gate and drain bias is shown in figure 14. The results in this figure were obtained
from accelerated stress measurements in which the value of drain bias sufficient to
cause a 30% reduction in on-current after 1 minutes stress is plotted against the gate
bias stress. The shape of this curve indicates weak avalanche related effects at the
drain and is comparable to the substrate current variation with gate bias reported in
single crystal devices [47]. At gate bias values near the minimum of the I,-V; curve,
few free carriers are available for multiplication, hence the device can sustain large
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values of drain bias and high fields.
At large positive gate bias, the drain
field, for a given value of drain bias,
is reduced and although there is now
a plentiful supply of free carriers,
high drain bias can be sustained
before the field is high enough to
generate hot carriers. Between these
two extremes, hot carrier degradation
occurs more rapidly in the near-
threshold regime because the gate
bias produces only limited drain field
relief, but is high enough to produce
a significant density of free carriers.
Given the exponential dependence of
multiplication on drain bias, the
stress induced ageing shows a similar
dependence, in that the time required
to achieve a given degree of
degradation increases exponentially
(at ~0.5-1 decade/volt) as drain bias

- is reduced [46].

For off-state stressing, at
negative gate bias and positive drain
bias hot hole injection [48] into the
gate oxide near the drain has also
been observed. This localised
positive charge has had the effect of
relieving the drain field in the off-
state, and hence reducing the field
enhanced leakage current.

One feature which
distinguishes the poly-Si devices from
single crystal devices is that the hot
carrier ageing is channel length
dependent [46], with short channel
length devices degrading most
rapidly. This is a reflection of a
channel length dependent
multiplication effect, as indicated by
the output charactertistics shown in
figure 15. The kick-up in the output
characteristics at high drain bias has
been referred to as the kink effect,
but it does not have the charactertistic
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S-shape associated with the classical floating body kink seen in SOI devices. In fact,
the classical kink has been rarely reported in poly-Si devices, and, in our own
structures, we have only observed it in the highest mobility devices, where
§#~200cm?/Vs. The kick-up has been explained in terms of deep state trapping of
avalanche induced holes at the drain [49], but the channel length dependence of this
effect was not demonstrated. At the moment, improved understanding of the poly-Si
TFT output charactertistic is required.

7. SOI AMLCD TECHNOLOGIES

The merit of the foregoing approach using poly-Si, either deposited or crystallised on
transparent substrates, is that it readily lends itself to a large area, glass substrate
technology. However, there have been some alternative approaches [3,4], particularly
for small projection displays, in which a more conventional SOI approach has been
adopted. In one case [4], direct bonding between an oxidised silicon wafer and a
quartz substrate is used, together with a selective etch back procedure, to produce a
thin single crystal silicon film on the quartz substrate. This layer is then subjected to
an AMLCD process which is similar to the high temperature poly-Si process. The
other technique [3], starts with an SOI wafer, formed by a ZMR type process, and the
active elements of the display are fabricated in this layer which is then glued to a glass
substrate and the silicon substrate removed by etching.

In both cases, superior device performance is achieved by the use of single
crystal Si compared with the poly-Si alternative. However, the basic process steps are
much the same for all the processes, except that the poly-Si deposition is replaced by
the SOI layer formation together with its bonding to the transparent substrate. In the
short term, the direct use of conventional SOI substrates [3] has the attraction of being
readily implemented in a standard Si line, but both processes will be limited in
substrate size and, ultimately, may only be justified if the application demands the
superior device performance offered by crystalline silicon.

8. CONCLUSION

Poly-Si TFTs are emerging as an important technology for active matrix flat panel
displays because they will enable the integration of various addressing circuits and, in
the longer term, other circuit functions onto the display. This needs to be a large area,
glass substrate compatible technology and in this paper we review a number of aspects
of the technology and device behaviour of poly-Si TFTs. These have included the
formation of poly-Si by solid phase and laser crystallisation; in both cases the film
thickness was seen to affect the crystallite size and hence device properties. Field
enhanced TFT leakage currents could be described by phonon assisted tunnelling and
the fields necessary to produce this effect were due to 2-D gate-drain coupling
enhanced by the abrupt nature of the doped regions. Finally, in common with single
crystal and SOI devices the TFTs were shown to be susceptible to hot carrier damage
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at high drain bias.

9. Acknowledgements

We are grateful to Mrs A Gill and Mrs R Bunn for sample fabrication, Dr M J Trainor
and Mr I D French for a-Si layers, Dr J P Gowers for electron microscopy and Mr J
B Clegg for the SIMS measurements.

10. References

10.
11.

12.

13.
14.
15.

16.
17.
18.

19.
20.

21.
22.

S D Brotherton, D J McCulloch, J B Clegg and J P Gowers. IEEE Trans ED-40, 2,
407, (1993).

T Sameshima. Mat Res Soc Symp Proc, 283, 679, (1993).

J P Salerno, D P Vu, B D Dingle, M W Batty, A C Ipri, R G Stewart, D L Jose and
M L Tilton. SID 92 Digest, p63, (1992).

K R Sarma, C Rogers and C Chanley. SID ’94 Digest, p419, (1994).

S D Brotherton, J R Ayres and N D Young, Solid State Electronics, 34, 7, 671
(1991).

K Sera, F Okumura, H Uchida, S Itoh, S Kaneko and K Hotta, IEEE Trans ED-36,
12, 2868 (1989).

S D Brotherton, D J McCulloch and M J Edwards. Solid State Phenomena, 37-38,
299, (1994).

P Mei, J B Boyce, M Hack, R A Lujan, R I Johnson, G B Anderson, D K Fork and
S E Ready, Appl. Phys. Letts., 64, 1132, (1994).

P Joubert, B Loisel, Y Chouan and L Haji, Inl. Electrochem Soc., 134, 10, 2541
(1987).

A T Voutsas and M K Hatalis, Jnl. Electrochem Soc., 139, 9, 2659, (1992).

N Kono, T Nagahara, K Fujimoto, Y Kashiwagi and H Kakinoki., Mat. Res. Soc.
Symp. Proc. 283, 629, (1993).

A Mimura, N Konishi, K Ono, J-I Ohwada, Y Hosokawa, Y A Ono, T Suzuki, K
Miyata and H Kawakami, IEEE Trans ED-36, 2, 351, (1989).

M K Hatalis and D W Greve, Jnl. Appl. Phys., 63, 7, 2260, (1988).

T Noguchi, H Hayashi and T Ohshima. Japan Jnl. Appl. Phys., 25, L121, (1986).
A Nakamura, F Emoto, E Fujii, Y Uemoto, A Yamamoto, K Senda and G Kano,
Extended Abstracts of 20th Conference on Solid State Devices and Materials, Tokyo,
1988, p189.

S D Brotherton, [EE Colloquium Digest, 1993/067, p4/1, (1993).

T Sameshima, M Hara and S Usui, Jap. Inl. Appl. Phys., 28, 1789, (1989).

Y Miyata, M Furuta, T Yoshioka and T Kawamura, Jap. Jnl. Appl. Phys., 31, part
1, 4559, (1992).

Y Nishihara, S Yamamoto, S Yamada, T Hikichi, I Asai and T Hamano, SID 92
Digest, p609 (1992).

Properties of Amorphous Silicon, EMIS data review 1, (IEE Inspec. Publication).

T Sameshima, Ph.D. Thesis, University of Shizuoka, 1991.

E Fogarassy, H Pattyn, M Elliq, A Slaoui, B Prevot, R Stuck, S de Unamuno and E
L Mathe, Appl. Surf. Sci., 69, 231, (1993).



198

24.

26.

27.
28.

29.
30.
31.
32.
33.
34.
3s.
36.
37.
38.
39.
41.
42.

43.

45.

417.

49.

K Winer, G B Anderson, S E Ready, R Z Bachrach, R I Johnson, F A Ponce and J
B Boyce, Appl. Phys. Leus, 57, 2222, (1990).

R Z Bachrach, K Winer, J B Boyce, S E Ready, R I Johnson and G B Anderson, Jnl.
Electronic Materials, 19, 241, (1990).

D H Lowndes, G E Jellison, S J Pennycook, S P Withrow and D M Mashburn, Appl.
Phys. Letts., 48, 20, 1389, (1986).

P Baeri and S U Campisano, Laser Annealing of Semiconductors, chapter 4 (Edited
by J M Poate and } W Mayer, Academic Press, New York, 1982).

S de Unamuno and E Fogarassy, Appl. Surface Science, 36, 1, (1989).

E Fogarassy, B Prevot, S de Unamuno, M Elliq, H Pattyn, E L Mathe and A Naudon,
Appl. Phys., AS6, 365, (1993).

S Chen, J B Boyce, -Wei Wu, A Chiang, R I Johnson, G B Anderson and S E
Ready, Proc. 13th International Display Research Conf., P195 (31/8-3/9/93,
Strasbourg, France).

J R Ayres, IJnl. Appl. Phys., 74, 1787, (1993).

G Fortunato and P Migliorato, Appl. Phys. Letts, 49, 16, 1025, (1986).

M Hack, J G Shaw, P LeComber and M Williams, Japanese Inl. Appl. Phys., 29, 12,
L2360, (1990).

M Shur and M Hack, Jnl. Appl. Phys., 55, 3831, (1984).

P Migliorato and M Quinn. Advanced Silicon and Semiconducting Silicon-Alloy
Based Materials and Devices, p361, (Edited by J F A Nijs, published by Institute of
Physics, Bristol, 1994).

J R Ayres, S D Brotherton and N D Young, Optoeclectronics-Devices and
Technologies, 7, 2, 301, (1992).

G A M Hurkx, D B M Klaasen and M P G Knuvers, IEEE Trans. ED-39, 331,
(1992).

L J McDaid, S Hall, W Eccleston and J C Alderman, Micro-electronic Engineering,
13, 759, (1989).

J G Fossum, A Ortiz-Conde, H Shichijo and S K Banerjee, IEEE, Trans ED-32, 1878,
(1985).

S K Madan and A D Antoniadis, IEEE Trans ED-33, 1518, (1986).

D W Greve, P A Potyraj and A M Guzman, Solid State Electronics, 28, 1255, (1985).
I-W Wu, A G Lewis, T-Y Huang, W B Jackson and A Chiang, IEDM-90, 867,
(1990).

A Rodriguez, E G Moreno, H Pattyn, J F Nijs and R P Mertens, IEEE Trans. ED-40,
938, (1993).

S D Brotherton, INFOS 91, 117, (1991) (Edited by W Eccleston and M Uren.
Published by Adam Hilger, Bristol, England, 1991).

G Vincent, A Chantre and D Bois, Jnl. Appl. Phys., 50, 5484, (1979).

N D Young and A Gill. Semicond. Sci. Technol., 7, 1103, (1992).

N D Young, A Gill, M J Edwards. Semicond. Sci. Technol., 7, 1183, (1992).

C Hu, S C Tam, F-C Hsu, P-K Ko, T-Y Chan and K W Terrill. Trans IEEE ED-32,
2,375, (1985).

G Tallarida, G Fortunato, L Mariucci, C Reita and P Migliorato. IEE Proc.-Circuits
Devices Syst., 141, 1, 33, (1994).

M Hack and A G Lewis. IEEE EDL-12, 203, (1991).



HOT CARRIER RELIABILITY OF SOI STRUCTURES

D. E. IOANNOU
Electrical and Computer Engineering Department,
George Mason University, Fairfax, VA 22030

1. Introduction

Hot carrier effects have been a serious reliability concern in MOSFET’s ever since the
recognition in the mid-seventies, that they can significantly degrade the device
characteristics during normal operation. Continuing reduction of device dimensions and
increase in channel doping, to achieve higher chip density and speed, is making these
reliability concerns only worse, because of the increasing electric fields. The problems
have been (and continue to be) vigorously researched, and although some open questions
remain, substantial progress has been made in: 1) establishing suitable device
degradation monitors, 2) understanding the physical mechanisms involved and 3)
developing technologies and designs to suppress these mechanisms [1].

Due to the rapidly growing interest in SOI technologies for high speed and low
power applications, efforts to study the hot carrier effects in SOI MOSFET’s have been
intensified recently [2]. To date, experimental work has generated considerable interest
on how fully depleted (FD) SOI, partially depleted (PD) SOI, and bulk MOSFET’s
compare with regard to their hot carrier degradation. It has been reported that [2]: 1) the
front channel of FD transistors degrades less than that of PD ones [4], [5]; 2) the back
channel of FD transistors degrades much more than the front one [6); 3) for both PD
and FD transistors, stressing one channel may also damage the opposite channel [7], [8];
and 4) SOI MOSFET’s may degrade less [4], [5], or more [7], [8] than their bulk
counterparts. These and other results may appear contradictory, partly because it is
difficult to establish meaningful procedures for such comparisons.

This paper is a review of the state of the art of hot carrier induced degradation
in SOI MOSFET’s and addresses possible remaining concerns that require further study.
First a brief description is given of some basic concepts relating to hot carriers in
MOSFET structures and in particular in SO MOSFET’s. This is followed by a detailed
discussion of experimental results on the degradation of typical partially depleted and
then fully depleted devices. To understand these results it will be necessary to invoke
the newly observed opposite channel based charge injection phenomenon, as well as the
non-local nature of the impact ionization. Also, in the case of FD devices the importance
of channel coupling both during stress and during measurement will become apparent.
Some typical device lifetime results obtained recently for PD and FD transistors will be
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given, and the possibility of yet unknown degradation mechanisms for channel lengths
in the 0.1lum region will be acknowledged. Finally the underlying mechanisms of
degradation will be briefly discussed with special reference to the sequential stressing
technique and its application in the study of interface states and oxide charges.

2. Hot Carriers in MOSFET’s.

Carriers become hot when they absorb energy from large electric fields more quickly
than they lose energy due to collisions with the lattice. The carrier energy increases until
greater random motion leads to increased collision rates, which in turn lead to higher
energy loss rates. A steady state is finally reached when the energy loss rate equals the
energy absorption rate. At this steady state the electron temperature T, or random
motion, exceeds that of the lattice, T . Fig.1 plots the lateral electric field along the
channel for a 1 um channel length MOSFET under typical hot carrier stress conditions.
It is seen that the field peaks sharply near the drain end of the channel.
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Figure 1. Lateral electric field profile in the channel of a
typical MOSFET biased under hot electron stress

This type of field profile gives rise to several hot carrier processes, as follows:
Process 1: electrons enter the gate oxide where they interact with and/or create oxide
traps and interface states, and produce gate current I;. Process 2: avalanche pair
production near the drain. Process 3: holes produced by process 2 are collected by the
substrate and give rise to substrate current Ig;;. Process 4: Process 3 forward-biases the
source, which then injects electrons into the substrate. Process 5: some electrons from
process 4 reach the drain, resulting in more impact ionization.
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Fig.2 shows a typical SOI MOSFET structure [9]. It is clear that in order to conduct hot
carrier studies in such structures, special consideration should be given to the behavior
of the buried oxide, the effects of the floating body [10] and self-heating [11], the
possibilities of partially depleted and fully depleted device operation [9], the interaction
of the two (i.e. front and back) channels [12], [13] and lately, the trend towards thinner
buried oxides [14].

Vs Va1 Vb

N+ P N+

Va2

Figure 2. Typical SOI MOSFET structure showing front and back
gates, buried oxide, and floating body.

Central to the understanding of hot carrier effects in SOI MOSFET’s (as in
bulk ones) is the impact ionization that generates e-h pairs near the drain of a device
under stress, and the gate and substrate currents that result [15]. Either of these currents
may be used as a monitor for nMOS devices, but the gate current is more appropriate
for pMOS devices [16]. The substrate current is larger and thus easier to measure, but
this requires a body (Si film) contact. Analytical expressions for these currents have
been available for bulk devices for a long time and they have recently been adapted to
SOI MOSFET’s [17].

3. Partially-Depleted Devices

State of the art PD devices were subjected to hot carrier stress under realistic bias
conditions, and the degradation of both channels was investigated [3]. The devices
incorporated LDD’s, their channel lengths were in the 1 um range, and they had the
following structural and doping parameter values: gate oxide thickness t , ;=20 nm,
buried oxide thickness t , ,=400 nm, silicon film thickness t5;=300 nm, and film doping
NA=2x1017 cm3. The front channel was stressed for 10% under the following
conditions: Vp=5.5 V, V5,=2.5 V, Vgo=0 V, and the front and the back channel

parameter changes were measured. Then the back channel was stressed for various time



202

periods (Fig.3) under Vp=5.5 V, V5,=55 V, V5,=0 V and both channels were
examined. During the measurement V=50 mV, and the opposite gate was grounded.
It was found that following front channel stress the front channel degrades very little
(AV1=6 mV, Ag ;=3 - 5 %), and there is no observable change in the back channel.
Following back channel stress, however, the back channel degrades very much
(AV1,=30 V, and there is substantial transconductance g overshoot), but there is no
front channel change.

With regard to the front channel, the question arises as to how the SOI devices
compare to bulk ones. This is in fact not a straightforward question to answer: for
instance in comparing FD and bulk devices, if the same level of channel doping is used,
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Figure 3. PD device transfer characteristics following
various successive amounts of hot carrier stress

the threshold voltages, saturation currents and breakdown characteristics will be
different. If the threshold voltages are similar, the doping profiles will be different etc
etc. Most reasonable seems to be an approach taken recently [18] whereby for a given
channel length each technology (device) is self-consistently optimized; the hot carrier
degradation behavior of each one is then independently studied by using established
(fundamental) degradation monitors; and finally comparisons are made. If such a
comparison is made [18], it seems that presently SOI devices are somewhat inferior to
their bulk counterparts, but if as expected in the near future,identical (low temperature)
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processes are used, SOI devices will outperform bulk ones, based on the nature of their
structure and the resulting electric field profiles.

4. Fully-Depleted Devices

FD LDD devices were studied [3] with channel lengths down to 0.8 um [3], and the
following parameter values: t ;=15 nm, tox2-.400 nm, t5;=140 nm and N ,=4x 1016 cm3.
devices were subjected to various types of 10% s stresses (see Fig.4), and the degradation
of both channels was studied. Following front channel stress, the front channel
degrades very little (AV;=2 mV, Ag_, less than 1%), and there is no change on back
channel. Following various back channel stresses, the back channel degrades
significantly (AV,=0.5 to 2 V), but much less than in the case of partially depleted
devices, and there is no change on front channel.

3 T T T T
FD MOSFET

Stress Step A

Drain Current, Ip (nA)

[ !
-2 0 2 4 6 8 10 12
Back Gate Voltage, Vga (V)

tx1=15 nm, t  ,=400 nm; t5;=140 nm,
N,=4x10'%cm™3 ; W/L = 3.6/1 ym, LDD

Stress A: Vp=5.5V, V5,=0 V, V=15V
Stress B: Vp=5.5 V, V(5,=27 V, V,=-0.5 V
Stress C: Vp=5.5 V, V5,=55 V,Vg=-15V
Stress D: Vp=5.5V, V5,=55 V, V5,=-5 A%
Stress E: Vp=7.0 V, V5o=55 V, V5,=-5 A%

Figure 4. FD device transfer characteristics following
various successive amounts of hot carrier stress
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A detailed study of FD devices was also conducted by Su et al [19], on non-LDD
devices with the following characteristics: tg;=70, 100, and 180 nm; N A=5x1016, 1x1017,
and 3x10'7 cm'3; tox1=10.8 nm, t, ,=360 nm; and channel length L upwards from 0.25
um. This group measured the gate current as a means to monitor the electric field. They
observed that the worst case degradation occurs when stressing at V-V =0.15V and
not at V5 = Vp/2, as is the case for bulk devices. They also found that the extend of
the degradation depends on the state of the back channel (i.e., accumulation, depletion)
during stress. Regarding the electric field measurement, significantly reduced gate
current was observed for all SOI devices in comparison to bulk, with the thinnest film
FD device exhibiting the least gate current.

More recently, Tsuchiya et al {20] conducted a study of ultra-thin, deep-
submicron FD devices fabricated on thin buried layer SOI substrates. The devices
studied were non-LDD devices with the following parameter values: tg;=50 nm, t,, ;=5
nm, t,,,=90 nm, and channel length L down to 0.1 um. It was found that the damage
mainly occurs in the channel under stress, and that under certain conditions, hole
injection in the opposite channel was observed. The condition (i.e. depletion or
accumulation) of the opposite channel during stress as well as during measurement was
very important.

4.1 CHANNEL COUPLING

For the case of FD transistors the two channels may be electrostatically coupled [12],
[13] and this has important consequences both during stress as well as during
measurement [3]. It was found for instance [19] that the gate current (and thus the
electric field) depends on the condition of the back interface, and decreases as the
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interface moves from accumulation to depletion. Also, the front-gate linear current
degradation as a function of back-gate voltage during front gate stressing was studied
[19], and it was found that when the back-channel is accumulated during stress,
increased degradation resulted, in agreement with the observation of increased gate
current and electric field compared to stressing with grounded back gate. When the back
channel is kept depleted during stress, however, even higher current degradation is
observed initially, but with a weaker time dependence. This is clearly not in agreement
with the observation of decreased gate currents and electric fields as the back channel
is moved into depletion, and demonstrates the complexity of the channel interaction. It
will be shown in section 5, for example, that opposite channel based charge injection
can be very important.

It is also very important to recognize that correct results about the extend and
the location of the damage can only be obtained if this channel coupling is switched off
during measurement, by accumulating the opposite channel [3]. An example of this is
given in Fig.5 where the degradation of the front channel current, following the various
stress steps of Fig.4, is measured first with the back channel in accumulation and then
in depletion: the results are dramatically different, and if not careful, damage sustained
by the back channel could reflect itself on the front channel and influence its properties,
thus lending itself to misinterpretations. For instance a back channel threshold voltage
change AVy, would induce a front channel threshold voltage change [12],[13]
approximately equal to AV = (t,,1/t,,2)AV .

4.2. NON-LOCAL FIELD EFFECTS ON SUBSTRATE CURRENT

Conventional numerical and analytical calculations of the substrate current rely on local
electric field models of impact ionization. However, it has been shown recently that non-
local effects are very important (even for non-submicron devices), which was also
verified experimentally [19], [21], [22]. As it has already been mentioned above, a most
interesting result is that the maximum device degradation occurs at low gate voltage
values, about 0.2V above threshold, almost independently of the value of the drain
voltage. Thus if SOI devices are stressed at gate voltages equal to about half the value
of the drain voltage, as is common in bulk devices, the transistor lifetime will be
overestimated. To conduct a correct analysis of the substrate current Igyg and
understand the above observations it is important to consider the non-local nature of the
field dependence of impact ionization [23]. It has been shown that in small transistors
the electron energy lags the electric field and that local field based analysis results in
overestimating the impact ionization generation and substrate currents by several orders
of magnitude. A simple post processing method to account for non-local effects in
numerical simulation studies developed for bulk devices [24], has been recently applied
to SOI MOSFET’s by Omura et al [21]. In their study [21] FD devices with the
following parameter values were used: tg;=30 to 100 nm, N A=8x1016 to 3x10'7 cm™3,
tox;=7 nm, t,. ,=480 or 80 nm, and channel length L down to 0.1 um. As to the drain
design, SD, FGOLDD and SGOLDD structures were studied. Fig.6(a) shows typical
experimental results demonstrating that maximum Igyg is obtained for V5 - V1 = 0.2
V, which is in fact born out by the non-local effect based simulations shown in Fig.6(b).
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Figure 6. Measured (a) and simulated (b) substrate
current variation with gate voltage [21]

It is also seen from Fig.6(b) that Igp is less than what is obtained under local-effects
analysis. The authors also observed that for the SGOLD Igy;5 goes down with tg;, which
hints to new challenges and opportunities for drain design engineering.

5. Opposite channel based charge injection

Fig.7 is a schematic illustration of the opposite channel based charge injection concept
[25]. Here a typical SOI MOSFET is shown, biased under appropriate hot carrier stress
conditions to set-up opposite channel based carrier injection. The biases in Fig.7(a)
insure that the front channel conducts and operates in weak avalanche, whereas the back
interface is kept accumulated. A result of the avalanche operation is the generation of
electron-hole pairs near the drain. As shown, most of the electrons flow into the drain,
but some are injected into the front gate oxide. The holes, however, are directed towards
the back channel (kept accumulated), and aided by the favorable direction of the electric
field they are finally injected into the buried oxide (Fig.7(a)). Similar phenomena occur
when the roles of the two gates are interchanged, as shown in Fig.7(b).

6. Oxide Charge (Q,,) or Interface States (D,,)?
There are three acknowledged physical mechanisms which are responsible for the oxide

damage and the corresponding degradation of the device characteristics: capture of
injected carriers by preexisting (for instance process induced) oxide traps; generation,
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then filling of new (additional) oxide traps; and generation of Si/SiO, interface states.
There is a heated debate as to which of the above mechanisms prevails, and opinion
varies [26], {27]: Some state that the damage is due solely to interface state (D)
generation (Ref 4-11 in [26]). Others maintain that oxide trapping (Q,,) is responsible
for device degradation (Ref. 12-17 in [26]). Still others suggest a combination of trapped
charge and interface states (Ref. 18-21 in [26]).

The evidence however weighs on the view that all of them play some part, the
importance of which depends on the particular bias conditions during stress as well as
on the technology in hand. New light is expected to be shed into this question by the
application of the newly developed sequential stressing technique, which exploits the
opposite-channel-based carrier injection in SOI MOSFET’s described above. For
example, combining sequential stressing (Fig.7) with charge pumping measurements,

VS =0V VG = -2V VD =7.5V

N+

N+ | P
O

L__——l-———-

VG2= 75V
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Figure 7. Opposite channel based charge injection

generation and annihilation of interface states was observed to occur under alternate hot
electron/hole injection [28]. Combining it with basic transistor characteristics
measurements on the other hand, revealed that hot carrier charging of the gate and
buried oxides is due to a common origin [29].

7. Device Lifetime

Encouraging experimental results have been recently reported regarding device lifetimes.
For example, Fig. 8 shows DC device lifetimes for state of the art FD, thin buried oxide
SIMOX nMOS, pMOS and buried channel pMOS transistors [20]. The lifetime is here
defined as the time required for the threshold voltage to shift by 10 mV. It is seen from
this figure that the extrapolated upper limit of the supply voltage necessary to ensure a
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Figure 8. DC device lifetimes of state of the art FD SIMOX
nMOS, pMOS, and buried channel pMOS transistors [20]

10-year lifetime is 2.1 V for the 0.1 pm nMOSFET, 2.3 V for the 0.12 pm, and 2.5 V
for the 0.12 um buried channel pMOSFET. Very long lifetimes have also been reported
for PD devices [30].

8. Conclusions

The electric field decreases in moving from bulk, to partially depleted, to fully depleted
devices. PD transistors seem to degrade more than FD ones, which in turn degrade more
if the back channel is kept accumulated during stress. The worst case stress condition
in FD devices occurs at gate voltages just above threshold. It is expected that thinner
FD transistors with carefully engineered drains will exhibit improved resistance to hot
carriers down to very short channel lengths. However, abnormally high degradation has
been both predicted and observed when the channel length gets into the 0.1p range. The
condition of the opposite interface (i.e. depletion or inversion) is very important both
during stress and during measurement for fully depleted devices. Non-local electric field
effects are very important, as they lead to more optimistic expectations regarding
degradation and open up new opportunities for innovative drain engineering. The
opposite channel based carrier injection phenomenon is very important both as a new
source of degradation as a probe for the study of the degradation mechanisms. Finally,
good device lifetimes for both partially depleted and fully depleted devices, but there
is a possibility of yet unknown degradation mechanisms for 0.1 um, ultra thin devices.
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Abstract. Silicon-on-Insulator (Sol) technology offers an advanced electronic
material structure suitable for realisation of a high performance bipolar transistor (BT). In
this work, we demonstrate a route to a high performance thin-film BT on Sol fabricated
using SoI-CMOS process for future thin-film Sol-BiCMOS circuits. The proposed novel
approach to a thin-film BT has a device structure with a highly efficient Top poly-silicon
Emitter and a low resistance N+ Side-Collector (TESC). An npn TESC-BT was
fabricated on an 85nm thinned silicon overlayer of SIMOX material. Good
common-emitter output characteristics of the npn TESC-BT were obtained, demonstrating
the viable underlying concept of a TESC approach for a bipolar transistor fabricated on
thin-film Sol substrate. The evaluated lateral pinched base resistance of 4k€2 for a 20pum
long TESC device is reflected in the collector current role-off at a very high current density
(6000Acm-2). A reduction in the base Gummel number, as a consequence of back-gate
biasing the TESC device dramatically enhances the current gain and induces drift current
favourable for achieving higher f,. Under such baising conditions or with a suitable doping
profile, a 2-dimensional bipolar operation can occur. The TESC device offers the potential
for realising vertical bipolar operation in a very thin-film silicon overlayer by inverting
the back-interface, which acts as an extended side collector, thus improving the collecting
efficiency. The TESC approach to bipolar transistor in a thin-film Sol was found to be a
versatile device which can sustain, both the lateral and vertical bipolar operation.
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The advantages of Sol substrates are well established, and have been demonstrated in recent
years through high performance SoI-CMOS circuits. High speed, low power logic is one
of the primary motivations for developing sub-quarter-micron SoI-CMOS technologies.
Future BiCMOS circuits on Sol substrates will require thin-film bipolar transistors with a
high current driving capability and high transconductance which will allow circuit
operation with small voltage swing, thus offering a low power-delay product.

The conventional thin-film Sol lateral bipolar transistor (LBT) with N+-P-N+
lateral homojunctions achieve lower collector resistance compared to vertical bipolar
transistor. Unfortunately, the high base resistance in a thin film (several kilo-ohms per
square) leads to a severe current crowding effects since the base contact is placed outside the
active base region [1]. Figure 1. illustrates the physical and structural problem associated
with conventional Sol-LBT. The I-R voltage drop renders a major part of the conventional
SoI-LBT ineffective at large emitter currents.
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Figure 1. Illustration of the lateral I-R voltage drop in Sol-LBT leading to severe current
crowding. ( Instrinsic base resistance, Rp;q,, for single-sided contact, where L, is the basewidth,
other terms have their usual meaning).

Various approaches to Sol bipolar transistors (Sol-BTs) have been proposed for a
possible Sol-BiCMOS integration, differing in transistor technology and design [2]. To
overcome the problem of spreading base resistance mentioned above, various techniques of
self-aligned base contacts have been proposed [3-6]. These alternatives provide a metal, or
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highly doped polysilicon, layer contact to the entire base region, but this complicates the
fabrication process. One of these solutions, attempt to eliminate high collector and base
resistance by prolonged silicon etching after the contact opening step [3]. Another
interesting attempt, known as a pedestal-like base contact [4], is depicted in Figure 2.
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Figure 2. Cross-section of pedestal-like base Sol-LBT [4].
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Figure 3. Cross-section of the double diffused collector Sol-LBT [5]

In recent years a new and promising deep-submicron base region, using a double
diffused collector has been introduced to push the collector-emitter breakdown voltage,
BV e, to higher values (Figure 3) using various self-aligned techniques on Sol [5-9]

substrates. The N- drain extension permits the optimisation of maximum operation
frequency, f; versus BV, for each Sol-BT.

With the advent of ‘deep’ sub-micrometre photolithography, however the proposed
TESC approach overcomes inherent current crowding effects in the conventional SoI-LBTs
by placing the base contact alongside the entire active region. This introduces a new
concept for Sol-LBT design.

The TESC device structure with a highly efficient Top poly-silicon Emitter and a
low resistance N+ Side-Collector is fabricated on 85nm thinned silicon overlayer of
SIMOX material. The Sol layer received a boron implant to yield 1.5e17 cm-3 active base
doping. Figure 4., shows the layout of the TESC-BT with 1 x 16 cm2 emitter opening
through a gate oxide followed by polysilicon deposition, arsenic implantation and
out-diffusion to form a shallow (=100A) mono-crystalline silicon emitter.
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Figure 4a. Schematic cross-section of the TESC bipolar transistor.
Figure 4b. Top view of the TESC bipolar transistor layout.

In comparison with SoI-CMOS process the TESC-BT fabrication requires only
one additional mask. An effective lateral base width of 0.8um is obtained finally after the
lateral diffusion of the collector dopants. However, due to the unique approach to the
TESC structure, a vertical base width defined by the Sol thickness exist.

A good common-emitter characteristics of the npn TESC-BT is measured with
grounded substrate, shown in Figure 5. The Early voltage, V 4, of -7V is obtained due to a
low doped base and a high doped collector. A respectable collector breakdown voltage,
BV ceo, Of 4.5V is obtained. The TESC structure offers the possibility of a further

improvement in the BV ., with the use of well known LDD technique for MOSFETs.

Figure. 6, shows a Gummel characteristics of the TESC device with grounded substrate
and zero bias on the collector. The evaluated lateral pinched base resistance of 4kQ for a
20um long TESC device is the lowest value so far obtained for CMOS-BT fabricated on a
85nm thin film. Thus the collector current role-off occurs at very high current density
(6000Acm -2).

The base current ideality factor of 1.6 down to small emitter biases is indicative of
a highly efficient poly-emitter contact for reducing the base injection currents {10]. In
addition the TESC structure offer a considerable improvement in current gain with positive
back-biasing as shown in Fig. 6. An increase in current gain, by six times (hg=300) is
measured with 6V back-biasing. The induced current gain is obtained as a consequence of
collector extension, reduction in the base Gummel number and due to the adding of the
electric field,
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providing drift current component as a result of the back-interface inversion layer. Thus
improving the collecting efficiency and demonstrating the TESC device capability of
sustaining a vertical bipolar transistor in a very thin Sol layers. However, the increase in
the he, at low collector currents and high back-gate voltages, Vg, is primarily due to the

emitter-collector leakage at the base surface, under the pedestal poly-emitter. This leakage
arises due to full depletion of the thin silicon ba.se layer at the side-collector, leading a
shortening of the lateral base width. The predicted leakage has been verified by TITANG6.4,
a 2D process and device simulation [11]. This artifact can be corrected by optimising base
doping.

In summary, a novel TESC approach to a bipolar transistor in a thin silicon film
on insulator has been demonstrated with a full functionality and a tremendous potential for
both the future SoI-BiCMOS and Sol-bipolar circuit exist. The advantage of an N+
side-collector to give enhanced current gain and improved drive capability is verfied with
TESC approach to thin-film bipolar transistor in Sol. The new mode of operation of the
TESC device further enhances the advantages of reduced junction capacitances associated
with the multi-layered Sol material for Sol-BiCMOS technology. The TESC bipolar
transistor approach offers a route to a high performance vertical bipolar operation in a very
thin silicon-on-insulator substrate.
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PROBLEMS OF RADIATION HARDNESS OF SOI STRUCTURES AND
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This paper reviews the problems arising in SOI systems and SOI-based CMOS devices
under the action of the total dose of ionizing irradiation. The effects of ionizing
irradiation upon the gate, lateral, and buried insulating layers of SOI CMOS transistors
are analyzed, and methods for improving the radiation hardness are reported. Particular
attention is paid to structure, defect composition, and optimization methods improving
the stability of buried insulating layers produced by various technologies. The most
promising technologies of SOI fabrication are compared from the standpoint of stability
and hardness against ionizing irradiation.

1. Introduction

Intensive development of SOI technology and SOI-based devices in the last 15 years is
associated mainly with the unique properties which can be achieved for structures with
full internal insulation. Their most essential advantages are:
1. Improved immunity of CMOS circuits under the conditions of pulsed radiation
interference [1].
2. Extended temperature range of operation of SOI devices and circuits - up to 3000C
[2].
3. Significantly increased operating frequency of SOI CMOS IC's, with simplified circuit
design and higher packaging density of components on the chip [3].
4. Possibility of three-dimensional integration of microelectronic devices and circuits [4].
Most research and development efforts have been directed towards the creation of
SOI devices and circuits designed to operate in a hostile environment. Nevertheless, the
impact of full accumulated dose of ionizing radiation or various bias-temperature stress
cycles can be significant.
This is mainly due to the fact that in SOI MOS transistors the active region of the
device is surrounded from three sides by insulating layers (Fig.1a): (1) the gate insulator,
(2) the protective insulating layer at the sidewall of the silicon island, and (3) the
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underlying buried insulating layer. Since insulating layers and insulator-semiconductor
interfaces are most sensitive to various treatments, it is natural to expect that such
devices should be less stable (in comparison with MOS elements based on the bulk
irradiation dose, bias-temperature stress, and injection

silicon) to accumulated
treatments.
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Figure 1. Formation of leakage channels in SOI transistor after effect of ionizing
irradiation (a) and influence of charge accumulation in different parts of
SOI structure on current-voltage characteristic of SOl MOS transistor (b).
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2. Effect of the total irradiation dose on the operation of an SOI MOS transistors

Let us consider briefly the effect of ionizing irradiation on the electrical characteristics of
an SOI MOS transistor (assuming the insulator to be silicon dioxide). At doses below
103 rad (Si), the exposure to ionizing radiation results into the introduction in SiOy of a
positive charge localized predominantly (for the gate insulator) near the SiO9-Si
interface [5]. Accumulation of the positive charge in the gate insulator leads to a
negative shift of the threshold voltage of the transistor (Fig.1b).

At the doses above 107 rad (Si), electronic interface states are being induced at the
Si04-Si interfaces [6]. In the case of a p-channel transistor under normal operating
conditions the interface states capture holes, so that the charges in the insulator and on
the interface states (and the corresponding shifts of the threshold voitage) add up. In the
case of an n-channel transistor, the interface states capture electrons, such that the shifts
of the threshold voltage caused by the two charges are in opposite directions. So, p-
channel MOS transistors should generally have higher threshold voltage shift induced by
irradiation than n-channel ones. However, n-channel transistors operate under a positive
gate bias, which enhances generation of SiO,-Si interface states. Therefore, n-channel
transistors can exhibit a noticeable degradation of the drain-gate transconductance under
the action of irradiation (Fig. 1b).

Accumulation of positive charges in the side insulator of n-channel SOI MOS
transistors induces a lateral leakage channel which shows up as a significant flattening of
the drain-gate I-V curve in the sub-threshold region (Fig. 1b).

d<L1+L2 d>L1+L2 .
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Figure 2. Influence of charge in the buried dielectric on the potential distribution
through silicon for the cases of "thin" (a) and "thick" (b) films.
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Accumulation of positive charges in the buried oxide layer can, depending on the
thickness of the semiconductor film, result in the following effects: in case of an
"electrically thin" film (such that its thickness (d) is smaller than the total thickness of the
depletion layers of the upper (L) and lower (L7 )space charge regions (Fig.2a)), any
charge variation in the buried insulator can significantly change the threshold voltage of
the operating transistor through a charge coupling effect between the top and the bottom
interface [7]. In case of a "thick" film (Fig.2b), for an n-channel transistor accumulation
of a positive charge induces a leakage channel at the lower interface (Fig. 1b). In case of
a p-channel SOI MOSFET, accumulation of the positive charge in the side and buried
insulators does not usually result in leakage channels.

3. Improvement of radiation stability of the gate and side insulators

Let us consider several possible techniques to reduce the effect of the total dose of
ionizing radiation on the electrical parameters of CMOS SOI transistors.

The gate insulator is located just above the operating region of the transistor, and thus
it should satisfy the most strict requirements: (1) minimum charge accumulation; (2)
minimum interface state generation, (3) minimum charge injection from the
semiconductor or metal into the insulator; (4) possibility of operation under the highest
electric field intensities.

Nearly three decades of studies in this field have demonstrated that the best insulator
for radiation-hard technology is silicon dioxide [8]. To reduce charge accumulation in
SiO7 and to improve the stability against radiation and high temperatures, one needs an
insulator with a low content of contaminants, an abrupt insulator-semiconductor
interface, and the oxide must be as thin as possible. As a result ion implantation into or
through the insulator should be avoided [8]. For SiO7, the most favorable thickness for
this purpose is 25 to 40 nm, which alows, on one hand, for the charge to move out of the
insulator during the irradiation, while, on the other hand, it allows the film to withstand
sufficiently high gate voltages. A thorough optimization of the technological process has
shown that the best for these purposes is SiO; either thermally grown in dry oxygen at
1000°C [9] or produced by wet pyrogenic oxidation at T=8500C [10]. Usually, SOI
CMOS technology uses one of these two insulators.

In recent years, much research has been done on the applications of thin (about 10
nm) nitrided and subsequently oxidized oxides (ONO) [11, 12] for submicron devices.
These feature an improved mechanical strength and low charge trapping characteristics.
However, this technology is far from being optimized.

To create radiation-hard sidewall insulation (field isolation), technological and device
design methods are used. The main technological methods are as follows. In case of
LOCOS technology, two-layer insulators are usually employed [13], such as SiOp
thermally grown in wet oxygen and phosphosilicate glass, SiO thermally grown in dry
oxygen and Si3Ny4, or SiOy thermally grown in dry oxygen and CVD SiO. The latter
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combination of insulators exhibits the best stability with respect to total-dose irradiation
[13, 14).

Improvement of the radiation stability was reported for thick insulators in case of
additional implantation of B* [15], F* [16], or Cr* [17] ions into wet oxide, thereby
creating extra electron traps in the insulator,

An effective design technique for suppressing the influence of charge accumulation in
the side insulator onto the channel leakage is creation of the dividing layer of doped
polysilicon, connected to ground [18] (Fig. 3a). Futhermore widely used techniques of
leakage suppression in the side channel of CMOS SOI devices are creation of side p-n
junctions [1] (Fig.3b) and fabrication of edgeless transistors [19] (Fig. 3¢); however, the
latter technique significantly reduces the packing density of elements on the chip.
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Figure 3. Different types of protection of SOI MOS transistors against the lateral leakage by: creation of
polysillicon dividing layers (a), side p-n junctions (b), fabrication of ring-type transistor (c) and "gate-
all-around” transistor (d).
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A new design of edgeless SOI MOS transistor has been proposed in recent years
(Fig.3d), which allows for higher packing density of elements in a circuit. This is a
transistor with the gate completely surrounding the operating channel ("gate-all-around"
(GAA) transistor [20]). It combines the advantages of the double-gated and edgeless
SOI transistors, exhibiting improved electrical parameters, and decreased generation of
carriers into the insulating layers [21].

4. Effect of ionizing radiation onto the buried insulating layer of SOI structures
4.1. COMPARATIVE ANALYSIS OF TECHNOLOGIES

The buried insulating layer of SOI devices is the most sensitive to various treatments,
because it has been subjected to the largest number of high-temperature processing
operations.

Now, the leading technologies for preparation of SOI structures are Separation by
IMplantation of OXygen (SIMOX) and Bonded and Etchback Silicon-On-Insulator
(BESOI) [22,23]. The former technology is most promising for creation of CMOS VLSI
IC's with elements having deep-submicron channels, because it allows for the fabrication
of high-quality silicon layers down to 80 nm in thickness, with excellent thickness
uniformity across the wafer. The latter technology is most promising for bipolar and
power devices due to the high quality of the material produced. However, the problem of
fabricating thin silicon layers using the BESOI technique is not fully solved. The third
technology, which has been actively developed in Japan, is Zone Melting
Recrystallization (ZMR). Now this technology is aimed at the creation of 3-D IC's, but
the quality of the films presently produced allows creation of inexpensive MSI CMOS
IC's with improved general and radiation stability [24]. In this paper, we will focus on the
properties of buried insulating and active silicon layers produced by these three
technologies (Table I). The main defects in the silicon films of SOI structures fabricated
by the ZMR technique are small-angle subgrain boundaries, i.e. dislocation networks
[24]. The most common defects in the silicon film of SIMOX-produced structures are
dislocations and stacking faults of various sizes [25], whereas in the BESOI structures
the dominant defects are voids at the bonded surfaces [23].

To improve the quality of ZMR silicon layers, the substrate is usually heated to about
1300 C, and the recrystallization process takes several minutes [24]. In case of SIMOX
technology, in order to reduce the density of dislocations and oxygen inclusions and to
obtain an abrupt Si-SiO interface, implantation is performed at a temperature of about
600°C, with a subsequent annealing for several hours at 1320°C. To decrease the size of
the voids and to achieve high-quality wafer bonding, the BESOI process is performed at
about 900°C, with a subsequent annealing (see Table 1).

Therefore, the strict temperature limitations, as well as the technique of SIMOX
production of insulating layers by itself, testify that the properties of buried insulators
produced by most SOI technologies can be substantially different from those established
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for gate or lareral isolation dielectrics, such that special studies of their general and
radiation stability should be performed.

TABLE 1. Comparison of SOI technologies.

Parameters SIMOX BESOI ZMR
Thickness of Si film <0.6 pm usially > 2 ym from 0.1 to 2 um
upto 0.08 pm Plasma thinned

film [25] > 0.37 um
Variation of Si film 0.01 um usially 0.2 um 0.02 um
Plasma thinned film
0.02 pm
Thickness of <0.8 um >0.01 pm from 0.3 to 3.0 pm
buried oxide
Temperature of ~ 600 °C ~ 900 °C from 800
production to 1300 °C
Annealing 1300 °C ~ 1000 °C
temperature
Time of high to 10h from 20 min 10 min
temperature annealing to 2h
Main defects in Si Dislocations Dislocations [23] Subgrain
[25] N < 102 cm2 boundaries,
N ~ 1-5x10% dislocation
cm2 N < 5x104 cm'z,
Stalking faults twins [24]
N ~ 6x104 cm™2
Main defects in buried Silicon Voids on bonded Defects of SiOy
dielectric agregates interfaces [2], network
[25]) electron states on
bonded interfaces
Impuritiesin Si | Cr, Mn, Fe, Co, 0, (~ 1017 cm3)
. Ni, Cu, Mo, W, 2]
Au, Re [27],
0, [25]

Charge accumulation and relaxation after irradiation in various buried insulating layers
are compared in Table 2. It was found that buried oxides synthesized by single ion
implantation have a very high density of positive charge traps uniformly distributed
across the film [28,29]. Electron capture was also observed, leading to a significant
compensation of the positive charge [28]. Such behavior is essentially different from that
of the thermally grown oxide produced by radiation-stable technology, which mainly
exhibits capture of holes near the Si-SiOj interfaces [29], with an insignificant
compensation of electron traps in the adjacent region of SiO7 [30].

The behavior of ZMR SOI systems with respect to accumulation and diffusion of the
radiation-induced charge is similar to that of a soft thermal oxide [28], with the only
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difference, namely the existence of insignificant rapid re-capture of electrons into shallow

traps, which has also been reported for SIMOX and BESOI systems {31].

TABLE 2. Radiation response characteristics of different SOI structures.

SUPOX SIMOX BESOI Thermal oxide ZMR
SIMOX {33] 28] (32} [291 [28]
Hole Little Strong Little trapping | Variable (1 - Variable
traps trapping in (100%) in bulk, 100%) trapping trapping
bulk, variable | trapping in | variable near Si/SiO, near
trapping near | bulk trapping near | interface Si/SiO,
S/SiOy Si/SiO, interface
interface interface
Electron | Not Strong Strong Usially not Usially not
traps significant transient trapping on significant near significant
trapping in trapping / internal WB | Si/SiO
bulk and near | detrapping | interface interface [30]
Si/Si0, in bulk
interface
Time- | Hole Fast electron | Slow hole Fast hole Not
depen- | transport and | detrapping. |transport. transport. Tunnel | significant
dent electron Slight Thermal and thermal fast
recovery | thermal thermal annealing of | anneal of trapped | electron
detrapping detrapping | trapped holes. | holes at interface | detrapping
of holes Not polySi-SiO,-Si [31].
significant (Tan=1320 °C)
fast [31].
electron Not significant
detrapping fast electron
[30}. detrapping

Wafer-bonded systems reveal only a small radiation-induced capture of holes in the
bulk, similarly to conventional thermally grown oxide. However, capture of electrons at
the wafer-bonding interface has been observed [32].

Generation of high densities of positive charge traps and accumulation of a high
concentration of positive charge in the ion-beam synthesized oxides after irradiation were
demonsrated by different researchers [34-36]. These phenomena were ascribed to a
substantial concentration of strained Si-O-Si bonds and to an oxygen deficiency in the
SiO7 layer [37], resulting in a high density of oxygen vacancies in SiOy (at E'-centers)
detected by ESR after irradiation or additional hole injection [38-40]. It has been
demonstrated [39,41] that generation of E'-centers in SIMOX buried oxides is tens of
times more intensive than for the thermally-grown oxide. The presence of electron
traps in SIMOX oxides, which compensate the positive charge in the dielectric [42],
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may be associated with a substantial concentration of Si-H and Si-OH bonds [41,43]
which are able to capture electrons [44] and the amphoteric nature of E'-centers [45].

TABLE 3. Defect parameters obtained by ESR technique for different SOI structures.

Thermal SIMOX SIMOX BESOI Behavior Proposed model
oxide single multiple
(polySi-
Si0,-Si)
g=2.0005 | g=2.0005 [39] | g=2.0005 [46]
£=2.0005 [39.46] E'Y - center [49]
[39,46] VUV (Vuv Hole trap
illumination illumination) 03=Si* *Si=03
N~1.0x101% | N~0.35x1018 | N-ax1012
cm'3 cm” cm”
74G doublet
(after 0, = Si [43]
treatment in |
forming gas H
10%H,,
90% N-) [43]
10G doublet 0O, = Si [43]
[43] (after |
treatment in OH
forming gas)
£=2.0025 {46]
23.1G doublet | Hole trap EH-center [46]
N~6x10 11
cm-
£=1.99994 g[001]=1.999 £=1.99971
[46] 71[38] [38] £=1.99994, UL1 [38,48]
(after Y-irradiation | y-irradiation | g;=1.99958 O-related donor in Si
annealing 10 Mrad 10Mrad [46]
T=1320°C | N=1.1x10 12 | N=2x10 12
t=6h) cm2 cm”
£=2.0021 £=2.0021 E's-center [40]
[46] [40,46] g=2.0021 [47]
(Ar glow Si
i Hol y
discharge at | Hole tap | —gi ¢ Sifsi=0,
potential) S;
£=2.0058 [38] N=0
£=2.0061 546] [38] Hole trap D -center [38,46]
N~7xx_g 3 Si-Si® *Si=04
cm
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Parameters of ESR-detected centers and their identification for various buried oxides
are presented in Table 3. It can be seen that most defects in SIMOX systems are
associated with the excess of silicon. In BESOI systems, in addition to the inclusions of
amorphous silicon (Dg-centers), a research group of Sandia National Laboratory has
detected a hydrogen-bonded paramagnetic EH-center localized at the wafer-bonding
interface [46].

In polySi-SiO2-Si structures subjected to an additional six-hour high-temperature
annealing in Ar ambient at 13200C, paramagnetic E'g-centers were also detected,
distributed over the entire insulator [46] similar to the distribution of the centers in
SIMOX buried oxides [40]. It has been noted in many papers [25,31,46] that such high-
temperature annealing, in the case where the oxide layer is not in contact with the
external oxygen ambient, leads to the outdiffusion of oxygen from the silicon dioxide,
oxygen deficiency in the SiO- layer (formation of E'g-centers [46,47] or shallow electron
traps [31]) and saturation of the silicon film with oxygen (formation of oxygen donors
[38,481). This has been observed not only in SIMOX systems, but also in BESOI, ZMR,
and in thermally grown oxides covered with polysilicon. A comparison of thermal
annealing of shallow electron traps {31] and E's-centers [46] has shown that E's-centers
are more stable and, most probably, are not directly associated with shallow electron
traps.

TABLE 4. SOI trap parameters obtained by thermally activated methods after
irradiation.

Thermal SIMOX single | SIMOX IZMR BESOI Nature
oxide impl. double
impl.
Eamaxi 0.57 [53] Deep
V) hole
trap
Eapaxa | 1.00 [52] 1.15 [53] 1.10 1.05 [51] ? Deep
V) | (without 1.30 [50} [53] hole
field trap
correction)
Eapay3 | 140 [52] 1.35 [50) ? 1.45 [51] ? Deep
€V) hole
trap
Eapax4 | Can appear 0.41 [31] ? 0.42 Shallow
V) after N=1.5x10!1 cm2 N=4.2x1010 ¢cm=2 | N=2x1011cm2 | electron
thermal [31] 31 trap
annealing
of polySi-
Si0,-Si
structure at
1320 OC
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Table 4 shows the parameters of traps in SiO7 determined by thermally activated
techniques for SOI systems produced by various technologies. It can be seen that deep
hole traps of the same type with an energy maximum at 1.05 and 1.45 eV were detected
in SIMOX [50] and ZMR [51] systems and in the conventional thermally grown oxide
[52]. Moreover, shallow electron traps with an activation energy of 0.42 eV were
detected in standard SIMOX systems, BESOI, ZMR, and polySi-SiO7-Si structures
subjected to high-temperature annealing. The shallow traps concentration in ZMR
systems is much lower than in SIMOX and BESOI systems [31].

Deep hole traps observed after the irradiation (E31=1.0 eV, Ez>=1.45 eV) are
probably associated with E'y-centers (oxygen vacancy in the SiOp network, O3=St'
+Si=03) detected by ESR and efficiently capturing holes in case of optical injection
(6~10-12-10-14¢m?2) [37].

4.2. OPTIMIZATION OF TECHNOLOGIES

As seen from the above consideration, the most promising SOI material for CMOS IC
applications is SIMOX, but the quality of the buried insulator in such structures is far
from being perfect. So, in the last six years it was attempted to optimize or modify this
technology. It has been shown [54,55] that reduction of the oxygen implantation dose
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Figure 4. Density of donor levels obtaining afler x-ray irradiation of SIMOX SOI structure in silicon
layer as a function of x-ray dose [57].
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and energy allows for a significant improvement of the quality of the silicon film and
fabrication of uniform thin SiO layers with a low content of silicon inclusions. The use
of multiple oxygen implantation with a reduced dose decreases the density of silicon
dangling bonds at the amorphous inclusions in SiOp [38] and the current flowing
through the insulator [56]. However, for SOI systems produced by this technique and
irradiated with increased doses, formation of donor centers in the silicon film has been
reported (Fig. 4) [57], which may result in degradation of charge carrier mobility in the
film and irradiation-induced shift of the transistor threshold voltage.

It was shown [31,58] that, in order to decrease the content of silicon inclusions in the
buried oxide, an additional annealing in oxygen ambient is needed. However, such a
treatment is effective only in case of the absence of the top silicon layer. The most
promising technique for improving the quality of the buried oxide turned out to be
additional small-dose (~1x1017cm-2) implantation of oxygen ions into the insulator with
a subsequent annealing at 1000°C [33,59]. Such an implantation reduces non-
stoichiometry of the oxide due to additional oxidation of silicon islands in the insulator.
In this case, rapid recapture of electrons is significantly suppressed [33], shallow electron
traps are annealed, and concentration of deep hole traps is also substantially reduced [59]
(Table 2).
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Figure 5. Shift of flat-band voltage of polySi-SiO;-Si structures after y-irradiation gate (b) before (4)
and after (o, x) RF treatment.

A technique capable of decreasing the density of strained silicon bonds in silicon
dioxide is RF plasma annealing [60]. It can, at the final stage of device fabrication,
improve the quality of the SiO5-Si interface [61] and eliminate radiation-induced defects
in thin layers of Si and SiO5 [62,63]. It has been demonstrated [64] that such treatment
of polySi-Si05-Si systems essentially improves radiation stability of thick insulating
layers. Fig. 5a,b shows the results of gamma-irradiation of structures with different
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thickness of the buried insulator before and after the plasma treatment and dependence of
charge accumulation in such structures on the gate voltage during the irradiation. It is
seen that the plasma treatment substantially reduces accumulation of the positive charge.

Thermal ZMR
Xy oxide X}
Si
Si0, Si0,

0 +—4++ N+H++ + + 4+

Nnt Ng Ny,
Si Si

a
X SIMOX
Si ]
e
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o +++ellrees
Net Npe N¢
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d

Figure 6. Illustration of charge trap distribution in the silicon oxides obtained by different SOI
techniques.

Fig. 6 illustrates the main features of distribution of the captured charge in the
insulators of various SOI systems. It shows that the from the viewpoint of charge
capture parameters the most similar to the thermally grown oxide (Fig.6a) are oxides of
ZMR (Fig.6b) and BESOI systems (Fig.6¢). In the barrier oxides of ZMR structures, the
positive charge is captured near the upper interface more efficiently than at the lower
one, and charge redistribution is easily controlled by the external electric field [64], like
in the conventional thermally grown oxide. Therefore, the most thorough optimization
of the SOI SIMOX technology (Fig.6e) can produce buried insulators with the
parameters close to those of radiation soft thermally grown oxide.
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4.3. METHODS OF IMPROVING RADIATION STABILITY AND SUPPRESSING
LEAKAGE IN THE LOWER CHANNEL OF SOI MOS TRANSISTORS

The simplest technique for reducing charge accumulation in the buried insulator is
decreasing its thickness. Since a reduction of the implantation dose and energy results in
a higher quality of the SIMOX silicon and insulating films, this method can be regarded
as justified. However, this also leads to some decrease of the device operation speed and
maximum breakdown voltage. Due to the latter effect, the circuits should be designed for
lower voltage operation, exclusively.

An alternative technique for improving the radiation stability of insulating films is
fabrication of two-layer insulating films like SiO2-SizN4 [66] or oxinitride films [67].
Nitride or oxinitride layers have close concentrations of electron and hole traps, which
can significantly reduce the radiation-induced charge in the insulator.

To improve radiation stability of the buried oxide of SIMOX systems, an additional
small-dose nitrogen implantation can be carried out during the oxygen implantation [68].
This significantly reduces the radiation-induced shift of the threshold voltage for the
lower channel of the transistor (Table 5). However, the introduction of nitrogen resultes
into a decrease of the threshold voltage of the n-channel transistors and increase of the
threshold voltage for the p-channel transistors. Research work aiming at the creation of
buried nitride or oxinitride layers by ion beam synthesis are still performed by a number
of groups [69-71]. However, no significant success has been achieved so far in
fabrication of high-quality silicon films by this technique. Ion-beam synthesis of
multilayered insulators is an extremely difficult problem [72].

TABLE 5. Influence of additional nitrogen implantation
during the ion-synthesis of buried dielectric on radiation
shift of threshold voltage (AVyy) of bottom n-channel
transistors (y, Co®0, D=106 rad (Si)) [68].

Imslanted AV (V)
OSC

(cm3) Veup=0 V Vb= -3V
01}=2.25x1018 -25.0 8.5
[0"]=2.0x1018 -14.9 3.7
[N*}=5x1016
[07)=1.8x1018 -17.2
[0T1=1.7x1018 -13.1 -5.1
IN*=1.0x1017

Similarly, it was proposed to fabricate nitride- and oxinitride-based multilayered
buried insulators in ZMR SOI structures [73,74] and BESOI structures [75]. Fig. 7
shows the bar chart of the flatband voltage shift for the top insulator- semiconductor
interface after gamma-irradiation of a capacitor n-Si(film)-insulator-n-Si(substrate) with
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a negative bias applied to the top electrode, providing conditions for maximizing effect
of the induced charge on the potential of the silicon film-insulator interface. It is seen that
an additional oxinitride layer reduces the flatband voltage shift twofold, and a nitride
layer - by 3.6 times in comparison with SiO».
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Figure 7. Diagram of flat-band shift for top insulator-semiconductor interface after y-irradiation of ZMR
SOI structures (n-Si(film) - insulator - n-Si(substrate)) with different types of buried dielectrics [74].

SigN, Si)0,

Table 6 shows similar results for BESOI structures with various types of buried
insulators [75]. Irradiation was carried out with an X-ray source (10 keV) up to the dose
of 5x103 rad (SiO2) under the external electric field of +1x10% V/cm. In this case, the
structures with the nitride buried layer also display the smallest shift of potential at the
top insulator-semiconductor interface. For comparison, the table shows also the results
for the lower insulator-semiconductor interface of a SIMOX structure, illustrating its
lower radiation hardness even with respect to the reference BESOI system (with a pure
thermally grown oxide). Therefore, the proposed techniques can produce sufficiently
thick radiation-stable buried insulating layers.

To suppress the effect of the positive charge accumulation in the buried insulator onto
the threshold voltage of the operating transistor and to reduce the leakage currents,
additional measures can be taken. The devices can be operated with a negative voltage
applied to the silicon substrate [76], or the threshold voltage of the back-channel
transistor can be increased using ion implantation. However the first variant can bring
about some detrimental effects to p-channel transistors, such as threshold voltage shifts
or, even the formation of a back channel. Thus an optimization of the applied voltage to
the substrate is required for each specific design of devices. The latter problem issolved
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by several techniques. The first and the most widely employed technique involves
additional doping of the bottom SiO7-Si interface [19]. The second technique, used in
SIMOX technology, involves creation of a narrow defect-rich layer at the bottom SiO7-
Si interface, providing efficient screening of charge variation in the buried insulator [77].
However, this technique is very difficult to implement in industry and does not allow
fabrication of such promising components as double-gate transistors.

TABLE 6. Measured voltage shifts of X-ray irradiated samples (5 - 103 rad(SiO,)) [75]

+

Ne Sample AV mgto p(V) AV mgt op(V)
BESOI

1. (0,05um Si02+0,36um SiOz) +1,25 -10,0
BESOI

2. (0,05um nitrided $i0,+0,364m Si0,) 5.5 -15,7
BESOI

3. {(0,05um nitrided Si02+0,36um nitrided Si02) -4.5 -10,0
BESOI

4. 1(0,05um Si02-0,16pm Si3N 4 +0,299um SiOz) +1.5 -1.0

#) *)
5. SIMOX (Ibis) +2.5 -12,75

*) Data for bottom interface

5. Comparison of parameters of radiation-stable CMOS SOI transistors

By now, a number of radiation-stable SOI components and medium-scale integration
circuits have been produced using both ZMR and SIMOX technologies. However,
comparison of parameters of components produced by various technologies before and
after irradiation yields rather controversial results. It was reported [78] that after
irradiation the performance of ZMR SOI MOS transistors is better than that of their
SIMOX counterparts. Figure.8 (a and b) shows the irradiation dose dependence of the
threshold voltage shift in ZMR and SIMOX n- and p-channel SOI MOS transistors. It is
seen that ZMR SOI transistors have a lower threshold voltage shift both for both n-
channels and p-channels. The transistors shown in Fig. 8 were fabricated using an
additional doping of the lower Si-SiO5 interface (n-channel devices). In this case, no
effect of the buried layer charge on the threshold voltage shift is observed.
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Figure 8. Threshold voltage as a function of y-irradiation dose for SOI MOS transistors obtained by
ZMR (a) and SIMOX (b) techniques [78).

Fig. 9 shows the results of studies of lower-channel leakage currents in edgeless
transistors with an additional doping of the inner Si-SiO7 interface, fabricated on ZMR
and SIMOX SOI substrates. It is seen that leakage currents of these structures after
gamma-irradiation with a dose of 2x10> rad (Si) are essentially identical [19].

The effect of gamma-irradiation on the main parameters of ZMR SOI MOS transistors
is also illustrated by Table 7. Small shifts of the threshold voltage and small changes of
the transconductance of n- and p-channel are associated with the use of a thin (~10 nm)
radiation-stable gate insulator, whereas the small leakage currents can be assiociated
with the additional doping of the lower Si-SiO9 interface [78]. Therefore, a possibility
was demonstrated of creation of ZMR SOI MOS transistors stable against ionizing
irradiation with the total dose up to 107 rad (Si) [78].

The use of a radiation protection of the edge channels of a transistor using doped
polysilicon layers and the suppression of the lower Si-SiO interface leakage by using of
a defect-rich layer has allowed fabrication of SIMOX CMOS SOI transistors stable
against the total dose of ionizing irradiation up to 2x100 rad (Si) [18] (see Table 7).
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Figure 9. Back leakage channel current of SOI MOS transistors (n-channel) as a function of irradiated
voltage on the silicon substrate [19].

TABLE 7. Effect of y-irradiation on the properties of the ZMR

and SIMOX SOI MOSFET's.
ZMR SIMOX
References [78] [18]) [79]

dgate 5i0p (A) 100 170 230
dpyried Si0y (A) 5000 1600 3800
W/L (upm) 46/3.5 100.8/5 10/1.2
D,, rad (Si) 106 107 2x106 107
AVip n - channel | -0.04 -0.18 0.12 +0.5
(V) p-channel| -0.11 0.46 -0.20 -0.8

n - channel 5% 14%
Agn/Bm

p - channel 5% 3%
Tjeak (A/um) >2x10°13 | ~1x10-11 | ~5x10-10

Recent results of development of a radiation-stable technology of SIMOX-based CMOS
SOI transistors have shown that such elements can withstand ionizing irradiation doses
of the order of 107 rad (Si) [79]. A microprocessor containing 11,000 transistors
produced by such technology had no failures under pulse irradiation with a flow up to
7x1010 rad/s and was still operating after exposure to a total dose of 108 rad has been
demonstrated.
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6. Conclusion

The analysis of structural and electrical properties of SOI systems and SOI-based IC
components shows that it is possible to produce IC components and MSI circuits
resistant against the total dose up to 107 rad (Si) based on either SIMOX or ZMR
structures. However, properties of the devices are strongly dependent on processing
parameters and the equipment used for their fabrication.

The stability and hardness of the buried insulating layer is the crucial problem for
creation of radiation-stable IC components.

The most promising trend for development of stable and radiation-resistant SOI
CMOS IC's is fabrication of circuits with gate-all-around transistors and radiation-
resistant gate and buried insulators. For this purpose, specially optimized multilayered
insulators may be suitable. From this point of view, ZMR technology shows certain
promises, because it allows fabrication of inexpensive and stable MSI circuits.
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FABRICATION OF SIMOX STRUCTURES AND IC’S TEST ELEMENTS
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St Petersburg, Russia

This work investigates SIMOX technology and mainly explores tow aspects
of it:

the development of high-current ion implanter dedicated for use in laboratory
environment;

the optimization of SIMOX formation process

A schematic diagram of the equipment is shown in fig.1. The microwave ion
source of the implanter uses the idea of electron cyclotron resonance (ECR
source). Several test-runs of this source have demonstrated a number of its
advantages for operation with such chemically active gas as oxygen compared with
others sources like duoplasmatron, high frequency source and duopigatron . The
absense of hot cathode, the high density of plasma in the area of ion extraction and
the high percentage of monatomic ions are among these advantages. The use of
such source allows one to increase significantly the ion beam current in process
chamber (more than 50 mA) and to enhance the performance of the implanter
providing reliable operation during 6-8 hours without interruption and rising the
lifetime up to several hundred hours.

The oxygen ions of the beam from the ECR source are accelerated up to
190 keV, subjected to the electromagnetic separation and, in the end, are brought
into focus on the specimen in the process chamber by a quadrupole triplet
electromagnetic system. The required uniformity of dose distribution on the
surface of the specimen is achieved through electromagnetic scanning of the beam.
The extraction system provides effective selection of the ions from the plasma,
monitoring the current of the beam and its initial focusing.

For manufacturing of SIMOX wafer 76 or 100 mm in diameter silicon wafers
were placed in the mounts of the process chamber. The process may be carried out
both for individual wafers and for batch of wafers (up to 8).

Theimplantation was performed by the beam of monatomic oxygen ions. The
scanning of the beam was arranged along two directions: sufficiently slow along the
direction which is perpendicular to the wafer flat, and with the frequency of 50 Hz
along the direction wich is parallel to the wafer flat.

The temperature on the wafer before and during implantation was maintained
at the level of 600° C . Built-in measuring system of beam current provided dose
value control and uniformity of dose across the wafer. Experimental implantation
of single wafers with current of 1 mA revealed that such a current was high enough
to cause cracks on the surface of the wafer.The value of this current was optimized
with accepting as figure of merit the achieving the steady-state temperature of the
wafer. Obtained value of current corresponded the current density in the range of
12-15 uA/cm?*

241

J. P. Colinge et al. (eds.), Physical and Technical Problems of SOI Structures and Devices 241-246.
© 1995 Kluwer Academic Publishers.



242

i

1

)
¥

“

O

V4
Figure. 1. Schematic diagram of implanter "Quartz-15"

1 - oxygen ion accelerator; 2 - analysing magnet; 3 - slotted aperture; 4
- quadrupole lens; 5 - scanning unit; 6,7 - power and control systems; 8 -
high-voltage installation; 9,10 - power supplly; 11 - process chamber

The experimental work for optimization of the implantation process was
carried out on n-type silicon with [100] orientation, 76 mm wafer diameter and a
specific resistivity of 7.5 Ohm-cm. Starting parameters for investigation were:
conductivity, amount of oxygen and wafer thickness as well as uniformity of these
parameters along the wafer. Process conditions were : energy E=(200*5) keV,
current density j = 12—15 4A/cm?, temperature during implantation
Tg=(600%50)° C. Time for the accumulation of dose 2-10'8cm™ was equal to 5
hours. In order to decrease the probability for contamination during implantation,
the wafers were preoxidized to obtain an oxide cap with 20 nm thickness.

Oxygen dose and its space distribution were monitored through RBS method

(Rutherford Backscattering). The RBS spectrum of a SIMOX structure after
annealing is shown in fig.2.
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Figure.2.  RBS unchanneled spectrum of SIMOX structure after anncaling

The uniformity of embedded oxygen in the case of scanning along the wafer
flat was high enough (approximately 29%). As for the direction, which is
perpendicular wafer flat, the uniformity was in the range of 5—20 %, and probably
was caused not by dose variation but by inhomogeneous heating of the wafer. Such
heating was due to slow scanning of beam along this direction.

The investigations have revealed, that the chosen conditions of implantation
have formed the oxid buried layer with a thickness of 0.35—0.5 ¢m at a depth of
0.35 um. Post-implantation annealing was carried out at temperature
(1320+0.5)°C in an ambient of dry nitrogen for 5 hours.

The comparison of channelled and unchannelled RBS spectra for annealed
wafers has evaluated the crystallinity degree of silicon overlayer to be X=3.6%.
This value corresponds to values presented by early publications and does not
differ significantly from the value of bulk substrates (3.1%). Therefore, the chosen
annealing condition provides the recovery of the silicon overlayer crystal structure.
Concentration profiles of SIMOX samples are revealed by second ion mass
spectrometry (SIMS) and presented on fig. 3.4.
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implanted oxygen after annealing

The shown profiles give evidence that essential oxygen segregation took place
after annealing. In addition, the oxygen concentration profile clearly shows that the
oxygen doping level is enough for stoichiometric conformity of buried oxide to
SiO,. Therefore, this analysis confirms the adequacy of chosen implantation dose
and its diagnostic methods.

As shown with the help of cross sectional analysis, the uniformity of thickness
distribution in SIMOX structures is enhanced after annealing. The specimen
structure is radicaly improved, yielding the thickness of SiO, buried layer in the
range of 300—350 nm with sharp and flat interfaces. The SiO, layer still has the
inclusion of silicon in the state of hexagonal islands with dimensions from 10 to 100
nm, whose crystallographic orientation is similar to the orientation of the
substrate.These inclusions are arranged predominantly at the distance of 50—
150 nm from top as well as from bottom interfaces of oxide layer and practically
do not interfere with its dielectric properties. Further improvement of SIMOX
structures is possible with the implementation of multiple sequential implantation
and annealing.

Test n- and p- channel transistors used in this work were fabricated using a
slightly modified conventional CMOS technology. The drain junction perimeters of
n- and p- channel transistors were respectively 260 and 1080 4m , the channel length
was 8 um.

Table 1 shows the basic characteristics of test transistors.
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TABLE 1. Electrical characteristics of insulation layer and CMOS transistors.

Parameters Well to well insulation
Breakdown voltage, V 200—300
Insulation leakage current <107
atv=100V, A
Parameters P — channel transistor n — channel transistor

Threshold voltage, V

Breakdown voltage between the drain
and the transistor body

Drain leakage current at V=5V, A
at room temperature

at 120°C

(-1,6)—(-2,2)

25—27

10712

10°9

1,6—2.9

20—22

10-13

10'10

From the table 1 we notice that the breakdown voltage of the well to well
insulator which features the dielectric properties of the buried oxide is in the range
of 200-300 V. This testifies that the buried oxide is sufficiently uniform and
completely adequate for most IC design specifications.

The characteristics of the n- and p- channel transistors differ little from those
fabricated in monosilicon. This is revealed by a number of calculated charac-

teristics presented in table 2.

TABLE 2. Physical and electrical characteristics of SIMOX test structures.

Parameters Values
Field intensity of well to well 6-106
breakdown, V/cm
Fixed charge in gate oxide, cm™2 G—4a)-101!

Parameters

P — channel transistor

n — channel transistor

Mobility of channel carriers,cm?/Vs

Drain leakage current density at room
temperature, A/cm

Generation centers concentration in
ovelayer substrate, cm™

Estimated carrier lifetime, Us

240

31077

31014

0,3

650

1077

1014

0,9

Fixed charge and channel carrier mobility values demonstrate, that the
interface between the gate oxide and the silicon overlayer has the similar properties

with conventional interface Si-SiO,.
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The comparison between similar characteristics of the bulk and investigated
SOI devices suggests that the amount of generation centers in the latter is from two
to three times greater than in bulk devices. However, future development of
implantation and annealing processes will decrease with certainty the dislocation
density and improve the quality of the top silicon film.

The investigations of drain leakage currents in SOI MOSFET:Ss as a function
of temperature show the considerable extension of temperature range for reliable
operation. This is attributable to the decreasing of p-n junction areas by more than
two orders of magnitude.

The diagram on the fig.5 demonstrates the similarity of energy characteristics
for n- and p- channel SIMOX transistors in wider temperature range with leakage
currents from two to three orders of magnitude lower than for bulk devices.

L, [~
A H
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Figure.5. Drain leakage currents of n- and p- channel transistors as a function of temperature.
curve 1 — n-channel transistor
curve 2 — p-channel transistor
E — activation energy, eV

The feasibility of high temperature performance of SIMOX circuits was
estimated by the output characteristics of p-channel transistor at temperature
300°C. The transistor is entirely fit to work at such temperature. On the contrary,
the leakage current of bulk transistor in this situation reaches the value of several
milliampers thus preventing the operation of the transistor completely.

However, it should be emphasized that further improvement of SIMOX
structure quality and optimization of IC process are needed for the manufacturing
of high temperature SOI devices.
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This paper discusses the different noise sources in thick- and thin-film depletion mode
SOI p-MOSFETs. As is shown, for front- or back-channel operation, the low-frequency
noise spectrum is predominantly 1/f-like. This noise is usually attributed to carrier
interactions with the near-interface oxide traps. For a buried-channel mode of operation,
additional generation-recombination (GR) noise is observed. Detailed analysis reveals
that the GR noise amplitude and time constant are a strong function of either the front- or
the back-gate bias. A model will be proposed which enables in principle the extraction of
the underlying density of interface traps.

1. Introduction

Depletion-mode, or buried-channel silicon MOSFETs are unique devices in this sense
that they combine compatibility with CMOS technology, with superior, JFET-like low-
frequency (LF) noise performance for specific operation conditions [1]-[3]. This renders
such type of devices quite attractive for analog applications. When fabricated in an SOI
technology, the role of the substrate is replaced by the back-gate electrode. From a LF
noise viewpoint, this can introduce an additional source of fluctuations [4]-[6].
Therefore, it is the aim of this work to study in detail the different front- and back-gate
related noise sources in depletion-mode p*pp* SOI MOSFETs, which are fabricated in
different SOI CMOS technologies. The emphasis is mainly on the excess generation-
recombination (GR) noise which is often found in linear operation [4]-[6] and which is
most likely related to either the front- or the back-interface traps.

2. Experimental

The devices studied have been processed in a 1 and a 0.5 micron SOI CMOS technology
on SIMOX substrates. The gate-oxide thickness tyyf and film thickness tg are,
respectively, 20 nm and 180 nm (1 micron), and 15 nm and 100 nm (0.5 micron). The
body doping density is such that the 1 um CMOS transistors are partially depleted (thick
film) buried-channel (BC) type [7], while the 0.5 um structures are thin film fully
depleted - and therefore accumulation-mode (AM) devices [8]. The device width W is 20
pum and transistors with various lengths L have been studied. The LF noise is measured
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in the 1 Hz - 10 kHz range in linear operation, for a fixed drain bias V) and for different
combinations of the front- and of the back-gate bias (Vg and Vp, respectively).

3. Results

A typical input characteristic in linear operation for a L=1 pum BC p-MOSFET is shown
in Fig. 1, with the back-gate in depletion. The front threshold voltage (VTf) is designed
to be around -0.8 V, while the back VT is =-5 V, for zero front-gate bias [7]. The
corresponding current noise spectral density Sy is represented in Fig. 2, for three
measurement frequencies f. From the figure, it is clear that different noise regimes,
characterised by a different type of spectrum can be distinguished, similar as for bulk BC
MOSFETs [1]-[3]. First, a 1/f-like regime is observed for V¢ << Vy. In this case, a
surface channel exists and the noise is determined by the interactions between the holes
and the near-interface oxide traps, with density D, From the input-referred noise

spectral density Sy Gf, Dg¢ can be derived, for instance from [9]:
2
8 Sy f(WxL) Coxf

ot = 2 evV-lem2) m

yielding typical values in the range 109 eV-1ecm-2 for the BC devices [61-{7] and 1010
eV-lcm2 for the AM p-MOSFETs. Hereby is q the electron charge, kT the thermal
energy and Cxs the front-oxide capacitance per unit of area. A similar analysis can in

principle be performed for the back-channel noise.
When Vg approaches Ve (for constant VGyp), the nature of the noise spectrum

changes and becomes Lorentzian-like. At the same time, conduction occurs now in a
buried channel, while the surface is depleted. A detailed investigation of the underlying
GR noise is reported elsewhere [6],[10]. The main results can be summarised as follows.
The parameters of the GR noise component, which is described by:

S10)

. A\ 2
[1+(2nfr)2] @

Sy(®

are strong functions of one of the gate biases. Figs. 3 and 4 refer to the case where both
the amplitude Sy(0) and the GR time constant T are exponential functions of V. In the
case of Fig. 3, this occurs for front-channel, in the second case for back-channel
conduction. Hereby is 1 given by the relationship t=1/2nf(), with f( the corner frequency
of the Lorentzian spectrum, for which Sy(fg)=S1(0)/2.

The dependence of the characteristic time constant T and of the normalised amplitude

SI(O)/I12) on Vgf, corresponding with the spectra of Fig. 3, are shown in Figs 5 and 6. To

a first approximation, it is found that ¢ and Sy(0) follow a law according to:
T=10exp(aVGe (3a)
S1(0) = Syo exp(BVGf) (3b)
respectively.
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Figure 3. Current noise spectral density in linear operation for a L=2 yum BC p-MOSFET. V (3,=0 V and

Figure 4. Current noise spectral density in linear operation for a L=2 um BC p-MOSFET. V=-0.1 V. V 5=0

Figure 5. GR time constant as a function of the front-gate voltage for a L=2 pm BC p-MOSFET. Vp=-50 mV.
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Figure 6. Dependence of the normalised noise amplitude on the front-gate voltage for a L=2 pm BC p-
MOSFET. VGb=O V; VD=-50 mV.

4. Discussion

The empirical relationships of eq. (3) can be understood physically as follows. The
exponential dependence of the GR time constant on the front- or the back-gate bias stems
from the exponential Vgf (VGp-) dependence of the free carrier density, when the
device is in a buried-channel operation mode and if it is assumed that the slowest,
dominant process in the GR of carriers is the capture step. This condition yields a t
proportional to 1/n (n free carrier density). To evaluate the capture cross section, an
accurate value of the relevant n is required, which may be found if the (surface) Fermi
level is known, as a function of V¢. Furthermore, the experimental o coefficients are

very close to the front-subthreshold swing S which is in the range 22-25 v-1 [6].[10}, for
the front-gate related GR noise. This relationship is potentially very interesting but not at
all straightforward and needs further elaboration.

A typical I'g dependence is observed for the plateau amplitude, which can be

explained if it is assumed that the relevant density of traps shows a dependence on VGf
(or VGp) [6]. In analogy with the case for bulk BC p-MOSFETs, and based on the
observed empirical trends, traps located at the front- (or back-) interface are highly
suspected as the origin of the GR noise. Following the model of Jones and Taylor [3], a
density of front interface traps Dy can be calculated from:

C LW Svgs0)
Djf= (—g‘ﬁ)2 T “‘%’* @
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yielding densities in the range 2-3x1011 ev-1cm-2 for the front- and a few 1010
eV-lem2 for the underlying back-interface traps, respectively. Hereby is Sygg(0) the
input-referred plateau amplitude. It should be remarked finally that similar trap densities
were obtained in depletion-mode SOI n-MOSFETs [4]. The large difference between Dy,

and Dj; derived from the 1/f noise and the GR noise, respectively, indicates that different
types of trap centres are monitored in both cases.

5. Conclusion

In summary, it can be concluded that for SOI depletion-mode p-MOSFETs strong GR
noise can be observed, which is influenced either by the front- or the back-gate electrode.
Studying this GR noise enables to estimate the front- and back-interface quality, which
can be compared with the results of other, more standard techniques.
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SOI DEVICES AND CIRCUITS: AN OVERVIEW OF POTENTIALS
AND PROBLEMS
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Silicon-on-Insulator (SOI) technology has evolved from a mere laboratory curiosity in
the early '80s to a technology in which large circuits such as 1 Mbit SRAMs can be
made. The flexibility provided by full dielectric isolation and the quasi-ideal properties
of the SOI MOSFET (sharp subthreshold slope, low body-effect coefficient,...) have
given rise to new fields of applications for SOI devices. Beside high-temperature and
radiation hard niche applications, SOI technology is now increasingly used for the
fabrication of low-voltage, low-power CMOS circuits, high-frequency (microwave)
devices, and high-temperature circuits. Some problems related to the physics of SOI and
to SOI circuits still continue to raise questions about the future of SOI technology.
These issues will be addressed in this paper.

TABLE 1: Some milestones of SIMOX CMOS technology

Year Company Milestone Ref.
1978 NTT SIMOX acronym, First SIMOX circuits 1
1987 | Hewleu-Packard Thin-film (fully depleted) CMOS circuits 2
1988 | Hewlett-Packard 2 GHz thin-film CMOS circuits 3
1989 TI/ Harris 64kb SRAM 4
1989 LETI Thin-film 16k SRAM 5
1989 AT&T 6.2 GHz thin-film CMOS circuits 6
1989 NTT 21 ps CMOS ring oscillator 7
1990 TI Commercial 64 SRAM

1991 TI 256kb SRAM 8
1991 IBM 256kb tully-depleted SRAM 9
1991 Westinghouse 14 GHz fT microwave SOI MOSFETs 10
1993 Westinghouse 23 GHz fT microwave SOl MOSFETs 11
1993 TI 1Mb SRAM, 20 ns access time @ 5V 12
1993 IBM 512 kb SRAM, 3.5 ns access time @ 1V 13
1993 Mitsubishi 1 M gate array 14

J. P. Colinge et al. (eds.), Physical and Technical Problems of SOI Structures and Devices 255-274.
© 1995 Kluwer Academic Publishers.
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1. SOI devices: Potentials

SOI (and in particular SIMOX) CMOS technology has greatly evolved over the last ten
years. Some of the important milestones of this progress are listed in Table 1.

Figure 1 presents equivalent capacitor networks based on the physics of bulk
and fully depleted (FD) SOI devices, which illustrate how well the surface potential is
controlled by the gate.15:16 In a bulk device, part of the gate bias serves to build up a
depletion layer, which is not (or hardly) the case in a FD SOI device. The presence of a
buried oxide in FD devices also allows for the good control of the surface potential by
the gate voltage.

FIGURE 1: Capacitor networks illustrating the different body-effect
coefficients in bulk and fully depleted (inversion-mode) SOI devices

1.1. DRAIN CURRENT

The influence of the body-etfect coefficient on the current drive of the device
can best be understood by using the simple device model presented in Figure 1. The
saturation drain current is given by the following expression:

1 w 2
IDsat = ﬁ M Cox f VG-V @
where A is the linearized body-effect coefficient. In a bulk transistor, A is given by

8 s
A=1+ =
Cox Xdmax
In a SIMOX thin-film FD transistor, on the other hand, the body-effect coefficient is
given by:

= 1.15 to 1.5, typically @

Esi
tei Coxb
A=1+ — = 1.05, typically 3

€
Coxft o + Coxnb
si

where Coxf, Coxh and ty; are the gate oxide capacitance, the buried oxide capacitance
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and the silicon film thickness, respectively. From the above equations, it is evident that
the saturation drain current is 20 to 30% higher in an SOI FD device than in a bulk
device with similar parameters (Figure 2).!7-18 It is worth mentioning that the body-
effect coefficient depends on the doping level in bulk devices, while it is independent of
the doping in FD SOI devices. As the dimensions of bulk devices are scaled down, the
substrate doping level is increased, and the body-effect coefficient increases as well. In
FD SOI devices, the body-effect coefficient does not increase significantly as the devices
are scaled down.

30
—0—— SOI

—~ ——i—— Bulk
<
£ xf
=
éﬁ 10F

0

0 1 2 3 4 5
Vgl-Vth (V)

FIGURE 2: Y IDgat as a function of VG1-Vih in a bulk and a thin-film, fully
depleted SOI device having similar technological parameters.

The superior current drive capability of FD SOI devices gets somewhat degraded when
short gate lengths are considered, because of velocity saturation effects. It can be seen,
however, from Figure 3, that FD SOI devices still present a 25% current drive
improvement over bulk devices for a gate length of 0.2 pm.1
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Gate length (pm)

FIGURE 3: Drain saturation current enhancement (FD SOI vs. bulk) as a function
of gate length.
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1.2. SUBTHRESHOLD SLOPE

The subthreshold swing (inverse subthreshold slope, or, in short, the
subthreshold slope) of a MOSFET is also affected by the body effect. Indeed, the
subthreshold swing is given by the following expression:20

S (mV/dec) = A % In(10) @

if the influence of the interface traps is neglected. The low value of A in FD SOI
devices yields an improvement of the subthreshold slope over bulk devices (Figure 4).
The subthreshold slope is degraded in all devices (bulk and SOI) as the length of the
channel is reduced, but this degradation is less severe in FD and especially in volume-
inversion (VI) SOI devices than in bulk transistors.21:22

4
< _6 | thin-film SOI ]
5 ]
5 8f ]
o I
'g -10F ]
a .
212 1
—_— r
Y| P SR _ e
05 00 05 10 15 20

Gate Voltage (V)
FIGURE 4: Subthreshold characteristics of bulk and FD SOI n-
channel MOSFETs.

y
The gain of a transistor in an analog circuit is given by % Va, where g, is
the transconductance and V 4 is the Early voltage of the device. Since FD SOI devices
are virtually free of kink effect, their Early voltage is similar to that of bulk transistors.
Below threshold (in the weak inversion regime) the value of g,/Ip can be rewritten:

&m _ dlp _ In(10) g )
Ip IpdVg S T AT

Again, we see that the reduced body-effect coefficient of FD SOI transistors provides us

with increased performance over bulk. Figure 5 presents the variation of g/Ip as a

function of drain current in bulk and FD SOI n-channel transistors.
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FIGURE 5: gin/Ip ratios in saturation (Vp = 2.5 V)
for bulk (A=1.5) and SOI (A=1.1) MOSFETs.

2. SOI devices: Problems

Some problems are associated with the full dielectric isolation of SOI devices.
Among these problems, we will discuss the reduced drain breakdown voltage caused by
parasitic lateral bipolar transistor action and the self-heating of the transistors. Hot-
carrier degradation problems will be discussed as well.

2.1. REDUCED DRAIN BREAKDOWN VOLTAGE

The presence of a parasitic lateral bipolar transistor in an SOI MOSFET
without body tie reduces the drain breakdown voltage. In an n-channel device the hole
base current is supplied by impact ionisation near the drain. The base current is given
by Ihody = M-1) Ipsat = (M-1) Ich where ¢y is the channel current, and the resulting
increase of drain current is given by Alp = b Iyodqy = B M-1) Iy, (Figure 6).

From bipolar transistor theory, the collector (drain) breakdown voltage with open base,
BV (Eg, is smaller than when the base is grounded (BVcpg). The breakdown voltages
are related as follows:

_BVcro
BVcpo ™ — ©

n——
B
where 8 is the gain of the bipolar device, and n ranges typically between 3 and 6. The
above relationship is quite a simplification of the breakdown mechanisms occurring in
SOI MOSFETs, since both 3 and M-1 (the multiplication factor) depend on the drain
voltage in a highly nonlinear fashion. Assuming an emitter efficiency close to unity
one can also write:

B=2@Ly/LB)2-1 )
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where LB is the base width, which can be assumed, to a first approximation, to be
equal to the effective channel length, L, and Ly, is the electron diffusion length: an =
Dp Tn, where Dy and Ty, are the diftusion coefficient and the lifetime of the minority

carriers in the base, respectively. Taking BV as the drain breakdown voltage with
floating body, equal to BVpg, one obtains:

BVps =

BV
CBO ®

2D, T
L2

where L is the gate length.

Drain Ieh (M-1)

Floating
body

Ien B (M-1)

Gate

Source

FIGURE 6: Parasitic bipolar transistor of the SOI MOSFET. I, is the
channel current.

One major concern with SOI devices is their low drain breakdown voltage. This
low BVpg is caused by the presence of a parasitic lateral bipolar structure with floating
base in the SOI MOSFET. Any hole current generated near the drain by impact
ionization gives rise to a drain (collector) current through the bipolar effect. This
collector current itself gives rise to more impact ionization, and this positive feedback
loop causes the transistor to latch. In some cases, the device can no longer be turned off
by the gate (single device latch-up).23:24.25 Although techniques such as LDD, LDS
(lightly doped source) and emitter efficiency reduction by using silicides can slightly
improve the drain breakdown voltage,26 the BVpg of SOI devices remains substantially
lower than that of bulk MOSFETsS, rendering even 1-pum devices unsuitable for 5-volt
operation. As the channel length is decreased, however, punchthrough starts to lower the
BVps of bulk devices more rapidly than the parasitic bipolar effect lowers the BVpg of
SOI devices. As a result, there is a gate length (around 0.3 pm) below which the drain
breakdown voltage of SOI devices is actually larger than that of the corresponding bulk
transistors.27-28 This is illustrated in Figure 7 where the drain breakdown voltage of
SOI and bulk transistors (either measured or simulated) is plotted as a function of gate
length.2® It can be seen that punchthrough reduces the BVpg of bulk devices more than
the parasitic bipolar effect reduces the BVpg of SOI devices for gate lengths below 0.35
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pm. Both types of devices can, of course, be optimized to improve the BVps. For
example, Figure 7 presents data points from IBM and Matsushita (bulk devices) with
BVps > 3.5 volts for L=0.15 pm (HS-GOLD structure)3® and BVpg =4.5 volts for
L=0.25 pm (LATID structure)*! have been reported. Similarly, a BVpg of 4.2 volts for
L=0.21 pum has been obtained in SOI devices using a gate-overlapped LDD structure,
source and drain silicidation or low-lifetime SIMOX material (HP).32 Figure 7 indicates
a trend suggesting that SOI is advantageous for short-channel, low-voltage applications.
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FIGURE 7: BVpg vs. gate length in bulk and FD SOI n-channel MOSFETs

2.2. HOT-CARRIER DEGRADATION

It seems that there is no consensus on the hot-carrier degradation issues in SOI
devices. Several papers have been published on that topic, leading to contradictory
conclusions. Several publications support the idea that SOI devices are less prone to
hot-carrier degradation than bulk devices, while some others draw the opposite
conclusion. These discrepancies are partly due to the fact that it is almost impossible to
make one-to-one comparisons between fully depleted SOI and bulk devices. Indeed, if
the same channel doping concentration is used in both types of devices, the threshold
voltages and saturation currents will be different. It the threshold voltages are similar,
the doping profiles are different, etc... In addition, the drain breakdown characteristics are
different as well. People seem to agree, however, on the following point: the peak drain
electric field is lower in fully depleted SOI devices than in bulk devices, leading to less

hot-carrier generation,33.34.35.36

However, because the degradation mechanism does not depend only on the hot-
carrier generation rate, but also on many other different parameters (the quality of the
buried oxide, the direction and magnitude of the vertical electric field, ...) the hot carriers

degrade SOI devices in a different way than they do in bulk devices 37-38:39 mainly
due to carrier injection in the buried oxide.

Figure 8 presents the threshold voltage shift and the transconductance
degradation in SOI thin-film (80 nm) and bulk transistors having a gate length of 0.5
pm. A much larger initial transconductance degradation, a more pronounced initial
threshold voltage shift, and a weaker time dependence are observed in the SOI devices.
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The parameter which is degraded the most in SOI is the threshold voltage. The
degradation depends on both front- and back-gate bias.4"
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FIGURE 8: Threshold voltage shift and transconductance degradation in 0.5 pm
thin-film SOI and bulk n-channel transistors as a function of stress time.
VGS=2 V, VDS:6 V.‘“

2.3. SELF-HEATING EFFECTS

SOI transistors are thermally insulated from the substrate by the buried
insulator. As a result, removal of excess heat generated by the Joule effect within the
device is less efficient than in bulk, which yields to substantial elevation of device
temperature. The conduction paths for excess heat are several: heat diffuses vertically
through the buried oxide and laterally through the silicon island into the contacts and the
metallization.4?

The negative resistance*? which can be seen in the output characteristics of SOI
MOSFETs is due to a mobility reduction effect caused by device heating**. This effect
is clearly visible on the output curves once sufficient power is dissipated in the device.
Because of the relatively low thermal conductivity of the buried oxide, the devices heat
up by 50 to 150°C and a mobility reduction is observed*®. This effect is quite dramatic
and it looks as if it really could jeopardize SOI technology.

One should not forget, however, that this effect takes place as power is dissipated into
the device. This is the case when the device is measured in a quasi-dc mode with a curve
tracer or an HP4145, but not in an operating CMOS circuit. Indeed, in an operating
CMOS circuit, there is virtually no current flowing through the devices in the standby
mode, and power is dissipated in the devices during switching for only briet periods of
time only (< 1 nanosecond).

It has been shown by a pulsed measurement technique*® that the time constants
involved in the self-heating of SOI transistors are on the order of several tens of
nanoseconds, and that no negative resistance effect is observed when the devices are
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measured in the pulse mode, because the time during which power is dissipated is much
shorter than the thermal inertia of the devices. A similar experiment reports that the
self-heating does not influence the output characteristics of transistors if the
measurement is carried out at a slew rate higher than 20 V/us 47

It seems thus that the negative resistance is not a problem for digital circuits (with the
possible exception of output buffers). There might, however, be an influence of the duty
cycle (the frequency at which the devices are switched) on the overall local temperature,
which could modify the mobility. As far as analog circuits are concerned, transistors are
usually operated at relatively low gate voltage overdrives (=Vg-VT) or in weak
inversion. This limits the power dissipated in each device and reduces the heating
effects.

3. SOI Circuits

SOI devices can be used to produce integrated circuits for some types of niche
applications, such as high-temperature electronics and radiation-hardened
electronics.4#49 We will not consider these types of applications here and we will
focus on a field which has a chance to become mainstream in future years: low-voltage,
low-power electronics.

3.1. LOW-VOLTAGE, LOW-POWER DIGITAL CIRCUITS

As we have seen earlier, owing to better coupling between the gate voltage and
the surface potential than in bulk devices, the body-effect coefficient of SOI transistors,
A, is significantly lower than that of bulk devices (A = 1.05 in a SIMOX device and
A=1.15 to 1.5 (depending on substrate doping) in a bulk MOSFET). This has a
significant impact on both the subthreshold swing, S, and the drain saturation current.
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FIGURE 9: SOI/bulk I, ratio vs. supply voltage. Agor =1.05 and Apyy =1.15

The good subthreshold swing allows one to reduce the threshold voltage to, say, 500
mV compared to 700 mV in bulk without increasing the off current, compared to a bulk
device (see Figure 4). This reduction of threshold voltage has a positive, but modest
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effect on the speed of the circuits (through an increase of Ipgat, Eqn. (1)) when
Vpp=5V. This effect, however, becomes more pronounced as the supply voltage is
reduced. Figure 9 presents the ratio of saturation currents between an SOI MOSFET
with A=1.05 and V1=0.5V and a bulk transistor with A=1.15 and V1=0.7V. The Ipga¢
enhancement due to the VT reduction is quite remarkable at low supply voltage.

In parallel to the reduction of Vpp, a reduction of power consumption is desirable. The
dissipated power of a circuit is roughly proportional to P=f+C*V? where fis the
frequency, V is the supply voltage, and C is the sum of all the capacitances in the
circuit. Since all capacitances but the gate oxide capacitance are smaller in SOI than in
bulk,3? less power is dissipated in SOI circuits. Figure 10 presents the power
consumption of circuits functioning at different supply voltages, and for different values
of total capacitance. These values are normalized such that the power consumed by a
bulk circuit (capacitance = C) operating under 5 volts corresponds to P=100%. SOI
circuits present capacitance values corresponding to a third (C/3) or even a quarter (C/4)
of the bulk value. One can see that, by reducing the supply voltage to, say, 1 volt, and
using SOI devices with C/3, the power consumption is about 1% that of the bulk
circuit with Vpp=5 V.

This estimation is supported by experimental evidence. It has been reported, for
instance, that a frequency divider implemented on SOI is twice as fast and consumes half
the power of the equivalent bulk circuit.5! Table 2 presents the performances of some
recent low-voltage, low-power (LVLP), high-speed SOI CMOS circuits. The choice
between fully depleted (FD) and partially depleted (PD) devices is not fully resolved yet.
Some favour the better performances of the FD devices, and others prefer the better
uniformity control of PD devices.
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FIGURE 10: Power consumption versus supply voltage and circuit capacitance.
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TABLE 2: Low-voltage, low-power, and high-speed SOI CMOS circuits

Circuit Lum)| Vdd Frequency Power Company Ref.
Frequ. Divider | 0.15 1v 1.2 GHz 50 pyWw NTT 52
Frequ. Divider | 0.15 2V 2.5 GHz 130 uW NTT idem
Frequ. Divider | 0.1 1v 1.2 GHz 60 uW NTT idem
Frequ. Divider | 0.1 2V 2.6 GHz 350 pw NTT idem

Prescaler 04 1v 1 GHz 0.9 mW NTT 53
Prescaler 0.4 2V 2 GHz 7.2 mW NTT idem
PLL 04 |12V 1 GHz 1.4 mW NTT idem
PLL 0.4 2V 2 GHz 8.4 mwW NTT idem
PLL 024 | 1.5V 2.2 GHz 4.5 mW NTT 54
512k SRAM 0.2 1V | 3.5 ns access time IBM 55
DRAM 0.6 2V Mitsubishi 56

3.2. MICROPOWER ANALOG CIRCUITS

As far as analog micropower circuits are concerned, it is known that the maximum
voltage gain of MOSFETSs is obtained when the value of g, /Ip is largest. This
condition appears in the weak inversion regime for MOS transistors.>’

E8m _ _q . .
The value o o = AkT is given by Eqn (5).

The low body-eftect coefficient of SOI devices should thus enable deviceés obtaining
near-optimal micropower designs. (gm/Ip values of 35 V-1 are obtained, while gm/Ip
reaches typical values of 25 V-1 in bulk MOSFETsS), see Figure 11,
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FIGURE 11: g, /I, and Iy in 600um/20pm SOI transistors. V= 0V (fully
depleted n-channel) and Vy,=-1.5V (accumulation-mode p-channel). Silicon
and gate oxide thicknesses are 80 and 30 nm, respectively. g,,/Ip reaches
values of 35 V-1 in both devices just below threshold.

The CMOS analog switch (pass-gate) provides a rough estimation of the lowest
acceptable analog supply voltage, Vjqg,that can be used in a circuit (Figure 12). In order
to transmit a signal without alteration through a switch with the gate of the nMOS
transistor held at Vg and that of the pMOS transistor at 0 V, Vggq must be larger than a
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minimum value which can be expressed as a function of the threshold voltage VT and
body factor A of the n- and p-MOSFET. The following relationship must, therefore, be
satisfied:8
VTp.kn‘f-VTn.}»n
Vad 2 7 AnApAn

In bulk CMOS with VT being close to 0.7 V and A close to 1.5, Vgq is
classically limited to a minimum supply voltage of 3 V. In fully depleted SOI CMOS
with A equal to 1.1 and the possibility to lower VT to 0.5 V without degrading the
leakage current performance, Vjd can be as low as 1.2 V. This confirms the potential of
FD SOI CMOS for low-voltage analog applications, for example when using switched-
capacitor circuits.

¢ =Vdd

L

- P

P = Vss
FIGURE 12: CMOS analog switch

CMOS operational amplifiers (opamps) can be designed’® on the basis of the
knowledge of gm/ID and the Early voltage, V A, as a function of the scaled drain current,
Ip/(W/L). Figure 13 shows the results of such a design, carried out under the
assumptions that A is close to 1.1 and 1.5 for fully depleted SOI and bulk MOSFETS,
respectively, and that V A is similar for both device types. The design was first used to
synthesize a simple 1-stage opamp with specified active device size (W/L) and output
capacitance (Cy). Figure 13 clearly shows that the Ay of the SOI amplifier is 25 to 35
% larger than in the bulk counterpart, while the static bias current Ijq is divided in the
same proportion.

Taking into account the reduction of parasitic source/drain and intrinsic gate
capacitances®® found in SOI in addition to the lower A value, it can be further
demonstrated that a 2-stage Miller opamp can be synthesized to achieve a Ay 15 dB
larger and a Igg 3 times smaller in SOI than in bulk for similar area and identical
bandwidth considerations (Figure 14). Conversely, total area and Igg can be divided by a
factor up to 2-3 when all other specifications are kept constant. These theoretical
predictions have been confirmed by the realization of a 100 dB-Av, 3 pA-Igg Miller
opamp using a fully depleted SOI CMOS process (Figure 15). These results establish
the potential of FD SOI CMOS to boost the speed (fT), precision (Ay() and power (Igd)
performances of opamps well over bulk implementations.
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FIGURE 13: Synthesis of bulk (—) and SOI (- -) Miller amplifiers
for Cy_ = 10 pF and fT = 10 MHz.

FIGURE 14: La;’;lt of a simple micropower Miller operational
amplifier. Vpp=3V and Ipp=3pA (1pA in each branch of the
circuit).

FIGURE 15: Measured Bode diagram of the Miller operational amplifier
presented in the previous Figure. Vpp=3V and Inp=3pA (1pA in each branch
of the circuit). Measurement was carried out at 6 different temperatures (25, 50,
100, 150, 200 and 250°C).
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3.3. ESD PROTECTIONS

Bulk circuits utilize large-area diodes, field oxide MOSFETSs, SCRs or bipolar
transistors as input protections against electrostatic discharge (ESD) damage. Because
SOI devices are made in a thin silicon film, the use of diodes, bipolar devices and SCRs
is ruled out in SOI circuits. Field transistors are ruled out as well. Because of thermal
insulation provided by the buried oxide there is concern that temperature elevation in
SOI devices submitted to an ESD pulse would systematically damage SOI CMOS
circuits.

Input To first gate
pad >

vh  Vsg2 ]
\=-==>Z’s b —,-:Erfj

Drain voltage

Drain current

FIGURE 16: Double snapback characteristic in a thin-film FD SOI nMOSFET
(left) and ESD input protection using an n-channel SOI MOSFET operating in
the snapback mode.

It has been recently demonstrated that n-channel SOI MOSFETs present a
double snapback characteristic due to parasitic bipolar action.®! Typical holding voltage
(Vn), snapback voltage (Vgp), and second snapback voltage (Vo) values are 4, 6 and 8
volts for a 1 pm-long device, and 5, 8.5, and 9 volts for a 2 um-long device,
respectively (Figure 16).62

One can rely on this snapback mechanism to realize ESD input protections.
Indeed, the transistor presented in Figure 16 allows one to use an input voltage as large
as Vgp, but it clamps the input voltage to the first gate of the circuit to Vi, as soon as
the input voltage becomes larger than Vy, thereby protecting the circuit from large
excursions of input voltage. This type of protection functions for positive as well as for
negative ESD pulses. Such protections have been tested under the MIL STD
883C/3015.7 HBM (human body model) ESD stress standard and have show protection
from pulses of 4,000 volts. The larger the magnitude of the pulse, the wider the
protection transistor. It is found that snapback transistors provide bidirectional
protection (positive and negative pulses) of 12.5 volts per micrometer of device (e.g. a
100 um-wide device offers protection up to 1250 volts). This type of level of protection
is comparable to what is usually obtained in bulk.
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4. Recent developments
4.1. MICROWAVE SOI MOSFETS

If a high-resistivity (5,000...10,000 Q+cm or higher) p-type substrate is used the
capacitance between the SOI devices and the substrate can be drastically reduced. Using
such a substrate reasonable microwave devices can be realized and gains of 13.4 and 17.5
dB have been reported at 2 GHz for gate lengths of 1 um and 0.25 pum, respectively.
These results suggest that microwave SIMOX circuits could provide an economical
alternative to GaAs circuits (Table 3).

TABLE 3: Performances of SOI microwave MOSFETs

Device L fr tmax | Noise fig. Company Ref.
@ 2GHz
MOSFET | 1um | 14GHz | 21 GHz 3dB Westinghouse 63
MOSFET |0.25 um| 23.6 GHz| 32 GHz 1.5dB Westinghouse 64

4.2. SOI BIPOLAR TRANSISTORS

Lateral SOI bipolar devices polysilicon emitters can be realized, also at the expense of
process complexity.6® It is, however, worthwhile to mention that the increase of
process complexity necessary to upgrade a CMOS SOI process to (C)BiCMOS is much
more modest than for a bulk process. Some very efficient bipolar devices can even be
obtained without making any change to the CMOS process. These devices are called
"hybrid bipolar MOS" transistors and can be obtained by connecting the otherwise
floating body of an SOI MOSFET to its gate (Figure 17).66:67-68 Such devices can
provide common-emitter current gains of 10,000 for L= 0.3 um.%° Table 4 presents
the performances of some recent SOI bipolar transistors.

FIGURE 17: Cross section of hybrid bipolar-MOS fully depleted SOI NPN device (left) and
measured Gumunel plot (right). W/Leff = 20pum/0.6pm, t; = 80 nm, t,x = 30 nm. Bg = 5,000
@ I- = 10 pA.
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TABLE 4: Performances of SOI bipolar transistors

Type of bipolar L(pm) B BVcEo fr Company | Ref.
Lateral 0.2 120 25V 4.5 GHz UCB 70
Hybrid 0.3 10000 25V - UCB 71
Lateral - 90 3V 15.4 GHz Philips 72
Lateral - 80 >3V 10 GHz Motorola 73
Lateral - 30 28V 20 GHz IBM 74
Vertical - 50 8V 12.4 GHz SIM 75
Vertical - 110 12V 4.5 GHz | AnalogDev] 76

It is also worthwhile to mention that it is possible to realize SOI vertical bipolar
transistors which are virtually free of Early effect. In these devices, the current flowing
from emitter to collector through the base is collected not by the collector-base
junction, but by an inversion layer created using the back gate. Such a device has been
proposed as early as 1986 77, and has recently been improved in such a way that Early
voltages as high as 30 kV and common-emitter current gains as high as 800 have been
obtained. Under these conditions, a current gain x Early voltage product in excess of
109 has been demonstrated.”8 Such a device can be used to fabricate high-gain analog
amplifiers. .

5. Conclusion

SOI CMOS technology appears to offer tremendous potential for low-voltage, low-
power circuit applications. Most of the problems related to SOI devices (low drain
breakdown voltage, self-heating, and others) tend to fade away as the supply voltage is
reduced to 2 V or below. The advent of microwave SOI MOSFETs and novel SOI
bipolar structures open the door to mixed microwave-CMOS, BiCMOS and high-
performance applications.
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1. Introduction

CMOS devices fabricated on Silicon-On-Insulator (SOI) substrates offer several
advantages over bulk silicon due to their low power consumption, and inherent
immunity to single event and transient upsets as a result of their small active
volumes [1]. There are several different technologies to create SOI structures.
Thermal oxidation of porous silicon (PS) is a promising technique for the
fabrication of high-quality SOI: in contrast to other SOI methods, the Si islands
formed are undamaged monocrystalline silicon [2-7].

The principal advantage of this technique is the self-limiting nature of the
anodization process, which allows the thickness and uniformity of the SOI layer to
be accurately controlled. As a result, thin-film SOI/MOS transistors were
fabricated and characterized from the point of view of electrical parameters [4-6]
and total dose radiation hardness [7].

In this paper, CMOS SOI technology, electrical parameters of such devices, and
total dose gamma-radiation characteristics are reported.

2. Silicon-On-Insulator Structure Formation

The process of SOI fabrication [8] was kept as similar as possible with the existing
1.2 um CMOS technology. Standard 100 mm n-Si(100) wafers of 4.5 Ohm cm
resistivity were used as initial substrates. Then n” -layers were formed by Sb" ion
implantation on the face and back surfaces and 1220 ®C fumnace anneal.
Epitaxial 0.6 um n-Si layer was then grown on the face surface by dichlorsilane
process at 975 % C. Next 20 nm of amorphous Si was deposited onto epi-layer with
subsequent deposition of 0.24 pum Si; N, to produce a mask. Standard RIE
process was used to pattern the mask and to define the device islands of feature
sizes of 6, 14, 20, and 40 pm.

The anodization process was the only non-standard step and performed in a
two-terminal cell using HF/iso-propanol electrolyte. Porous silicon density and
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structure are known to be complex functions of current density, electrolyte
composition, and Si doping level [4, 9]. Therefore, the anodization
process (5-7 min) of inhomogeneously doped silicon was controlled
potentiostatically. As a result, silicon islands were separated from the substrate by
porous silicon layer having a thickness of approximately 1.5 pm.

Porous silicon was oxidized in a three-step process. First, its structure was
stabilized [10] and prevented from sintering {11, 12] by low-temperature oxidation
at 300 ° C for 1 h in dry oxygen. Porous silicon was then fully oxidized using a
steam ambient at 850 ° C and 20 atm pressure. Low temperature and high steam
pressure were used to avoid the thermal overheat and outdiffusion from the
oxidized porous silicon. This step was also necessary to convert the residual dopant
tail of the n" -Si buried layer into oxide. Finally, the oxidized porous silicon was
densified [13] by high-temperature anneal at 1200 °Cin dry oxygen to produce a
high-quality thermal layer (Figure 1).

Figure ]. Cross-section SEM photograph of SOI structure formed by PS oxidation

1 - silicon substrate; 2 - oxidized porous silicon; 3 - silicon island;
4 - 8iO, layer; 5 - poly-Si (for the contrast).
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The resulting isolation oxide had a resistivity of 10'®* Ohm cm, a fixed charge
density of 7-10'° cm ™2, and was compatible with subsequent device processing.
The isolated Si islands had thickness of 0.3 um, maximal width of 40 um,
background doping of 3-10"° cm™, and defect density less than 100 cm™? [8].

3. Device Fabrication

P- and N-channel MOS transistors were fabricated in SOI structures using
standard 1.2 um CMOS technology. The gate oxide (30 nm) was formed by
pyrogenic oxidation at 850 ° C. Poly-Si gate was doped with phosphorus and had
a thickness of 0.45 um. The rad-hard variant included additional bottom and

guard B” ion implants to control the back threshold voltage and to prevent
current leakage along N-channel transistor bottom and sidewalls.

The 23-stage ring oscillators were fabricated and packaged to estimate the stage
delay in SOI/CMOS gates under different supply voltage (3...5.5 V), temperature
(77...400K) and gamma-irradiation (up to 10 Mrad(Si) ) conditions.

4. Radiation

Silicon chips with P- and N-channel SOI/MOS transistors were irradiated in *° Co
Gamma Cell under "floating" bias. The dose rate was about 400 rad(Si)/s.
Electrical measurements were made less than | hour after irradiation. Room-
temperature anneal for 100 h after 1 Mrad(Si) total dose was used in several cases.
Ring oscillators were irradiated in the same Gamma Cell under 5 V supply voltage
and different substrate bias conditions: 0 V; -5 V; and "floating”.

5. Experimental Results
5.1. ELECTRICAL PARAMETERS OF SO/MOS TRANSISTORS

No "kink" was seen in the output characteristics of SOI/MOS transistors. The
front channel electron and hole mobilities (550 and 220 cm? /V s, respectively)
were similar to those obtained on bulk CMOS with similar doping, which supports
the idea of low crystallographic defect density and low stress level in SOI
structures. N-channel transistors had threshold voltage V,, = 1 V, subthreshold

slope of 80 mV/dec, and leakage current J= 20 pA/um of channel width. P-channel
transistors had the values of -1V, 90 mV/dec, and 2 pA/um, respectively.

The small maximal width of isolated silicon island is known to be as one of the
problems of porous silicon SOI technology. We have overcome this problem by
partitioning devices: powerful output SOI/MOS transistors have been designed in
several silicon islands of 26x40 pum individual size, connected in parallel by
metallization. As a result, these devices had drain current of 80 mA at V,, =5 V.
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5.2. DEGRADATION OF SOI/CMOS PARAMETERS
UNDER GAMMA-IRRADIATION

Gamma-irradiation resulted in a certain degradation of device parameters. In the
case of P-channel SOI transistors the front gate threshold voltage shift AV, was
about -0.3 and -0.7 V at'1 and 10 Mrad(Si), respectively, and leakage current
decreased down to 0.2 pA/um at 0 V gate voltage. The threshold voltage decrease
is similar to other bulk and SOI transistors [7] and is due to the radiation-induced
positive charge in the front-gate oxide.

For the rad-hard N-channel transistors the corresponding values were -0.1
and -0.2 V, and leakage current increased up to 10 and 50 nA/pum (V, = 0) at 1

and 10 Mrad(Si), respectively. Smaller values of threshold voltage shift AV, in

this case are explained by a partial compensation of interface trap and oxide
trapped charge contributions to the shift. Prevent of dramatic leakage current
increase was due to the formation of the channel stopped structure: the additional
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Figure 2. Stage delay vs supply voltage. SOI/CMOS 23-stage ring oscillator.
Gamma-irradiation at V dd =95 V,Vsub=0V.

(a) before irradiation; (b) 10 min after 1 Mrad(Si); (c) 168 h after 1 Mrad(Si);
(d) 10 min after 10 Mrad(Si); (¢) 66 h after 10 Mrad(Si); (f) 168 h after 10 Mrad(Si).



279

bottom and guard B” ion implants were used to control the back threshold
voltage and to prevent current leakage along the N-channel transistor bottom and
sidewalls.

Room-temperature anneal for 100 h resulted in sufficient recovery of device
parameters. Analysis of back-gate subthreshold I-V characteristics has shown the
sufficient effect of interface traps to the radiation-induced shift AV , .

SOI/CMOS ring oscillators have shown 40% higher speed than reference bulk
devices. For V ;; = 5V the stage delay values of 150-170, 200-220, and 250-280 ps
were measured at 77, 300, and 400 K, respectively. Both supply voltage decrease
up to 3 V and gamma-irradiation up to 10 Mrad(Si) resulted in sufficient stage
delay increase in passive and active (Figure 2) irradiation regimes, but SOI/CMOS
ring oscillators continued stable operating under such environment.

Moreover, irradiation of devices in active regime (under 5 V power supply)
resulted in smaller degradation of stage delay in comparison with irradiation in
passive regime. This effect can be explained by the switched gate bias of operating
ring oscillator. Changing gate bias during gamma-exposure is known [14] to alter
MOS radiation response due to partial neutralization of the holes trapped near
Si/SiO, interface.

The SOI technology developed was used for fabrication of high-speed logic
integrated circuits of 74AC series. These SOI/CMOS devices were free of "latch-
up” effect and had 40% higher circuit speed in comparison with the same bulk
CMOS circuits.

6. Conclusion

The presented SOI technology based on oxidized porous silicon is compatible with
standard CMOS processing and does not need expensive, precision installation.
Regimes of SOI formation have been adjusted to provide SOI defect density at the
level of initial epitaxial structures. The technology can provide the wide range
(0.1...10um) of SOI thickness. SOI/CMOS ring oscillators had 40% higher circuit
speed in comparison with the same bulk CMOS devices, and continued stable
operating under supply voltage 3...5.5 V, environment temperature 77...400 K and
gamma-irradiation up to 10 Mrad(Si).
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SOl PRESSURE SENSORS BASED ON LASER RECRYSTALLIZED POLYSILICON

V.A.Voronin, I.I. Maryamova, A.A Druzhinin, E.N.Lavitska, Y.M.Pankov
"Lviv Polytechnika" State University
Kotlarevsky st. 1, Lviv, 290013, Ukraine

Introduction

In recent years the progress of microclectronic sensors depends on SOI-structures.
The use of recrystallized polysilicon layers on insulating structures makes it possible to
create low-cost high temperature mechanical sensors, particularly, piezoresistive sensors
[1,2], having some advantages in comparison with sensors based on monocrystalline
silicon. Among these advantages one could note optimal characteristics in the wide
operating temperature range -60...+350°C, extended technological possibilities to create
intelligent sensors etc.

The developed method of microzone liquid-phase laser recrystallization of poly-Si
layers gives the possibility to obtain high quality SOI-structures which are suitable to
create on their basis pressure sensors [3].

Piezoresistive properties of polysilicon layers

The laser-recrystallized polysilicon layers were investigated to create miniature
pressure sensors on their basis. Recrystallization of poly-Si layers was carried out by
CW IAG-laser irradiation by means of wafer scanning of laser beam. At the region of
crystallization front the poly-Si grains turn into elongated (500 pm x 30 um)
monocrystailine (100) areas with preferential <100> azimutal -crystallographic
orientation. The structure of recrystallized layers is determined by laser treatment
conditions and by other technological especialities.

The physical model of the piezoresistance in polysilicon has been developed taking
into account contribution in this effect the potential barriers at the grain boundaries (GB)
and the structure of poly-Si layers. The carriers' transfer through the potential barrier is
supposed to be due to thermoionic emission combined with diffusion [4]. For boron-
doped p-type poly-Si the software was created and for the wide temperature and
concentration ranges the characteristics of the potential barrier at the GB have been
calculated as well as the resistivity and piezoresistance. The temperature dependence of
the barrier height was taken into account according to V, =V, (1+ yT). Supposing
the voltage applied to be small one could consider the grain boundaries and the
crystallites as a set of linear resistors.

Therefore,
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where:  p,, p, - resistivities of the grain and the grain boundaries; G,; , Gy, -
longitudinal gauge factors of the grain and the grain boundary; w - width of the depleted
region nearby the grain boundary; L - grain size. The barrier contribution in the
resistivity and piezoresistance has been estimated. This contribution was shown to
depend substantially on average grain size L (Fig.1). In fine-grained non-recrystallized
poly-Si (. = 120 nm) the potential barrier's influence is significant for almost all studied
temperatures and dopant levels; in large-grained laser-recrystallized poly-Si (L = 100
pum) this influence should be neglected for the high temperatures and concentrations.
For experimental study of the piczoresistive properties of laser-recrystallized poly-Si
layers on insulating substrates the samples were fabricated with the photolithography-
formed strain gauges. The relative change of resistance versus strain dependences were
measured for both n- and p-type poly-Si strain gauges with different impurity
concentrations. The experimentally obtained averaged longitudinal strain gauge
factors for laser-recrystallized poly-Si layers are presented in the Table 1. One can see
from the table that the longitudinal gauge factor G; increases with carrier density

decrease. Calculated values of the main elastoresistance coefficients are presented in the

table also.
TABLE 1. Piezoresistive properties of laser-recrystallized

polysilicon layers
Conductivity, Gauge Elastoresistance
carrier concen- factor coefficients
tration, cm™3 G, my
p-type, 1017 55 my, = 27.5
p-type, 1018 42 m,, = 21
p-type, 1020 26 my,, = 13
n-type, 1021 "22 m“ = '55

According to our experimental studies the laser recrystallization causes significant
(approx. 1.5 times) increasing of the longitudinal gauge factor for poly-Si layers as
compared to non-recrystallized ones. For example, in non-recrystallized boron-doped
polysilicon layers (N = 5x10!% cm3 ) G; =22.8 whereas after the laser recrystallization
G, = 37.5. At the same time resistances of poly-Si piezoresistors after the laser
recrystallization strongly decrease as compared to non-recrystallized samples, sometimes
this decrease achieves an order of value. The temperature coefficient of boron-doped
poly-Si for high concentrations is approximately an order less that in monocrystalline
boron-doped silicon and is about 0.01 %/deg. These facts confirm the perspectivity of the
laser-recrystallized poly-Si layers to create the piezoresistive sensors.
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Piezoresistive pressure sensors

To choose and optimize the parameters, geometrical dimensions and topology of
piezoresistive polysilicon pressure sensors the mathematical model was created that
would be applied in computer software. The topology and simplified design of the
pressure sensor's chip are shown in Fig.2. The 2 mm x 2 mm diaphragm was fabricated
by anisotropic etching of Si substrate in KOH water solution. The pressure range was
adjusted by the diaphragm's thickness. Taking into account the anisotropic nature of the
etching process the diaphragm edges and the scribing strips were oriented in [110]
direction. The longitudinal axes of poly-Si strain gauges 1-4 connected into a fully active
Wheatstone bridge were aligned in [110] direction corresponding to the laser scanning
direction; poly-Si resistor 5 was used for thermal compensation.

The techniques developed to fabricate these sensors were based on technological
processes for IC. At the same time this technology includes some specific operations,
namely: diphragm fabrication, two-side pattern alignment, chip-to-header bond
fabrication. All these operations are important ones because of their significant influence
on sensor's performances.

The steps of piezoresistive pressure sensors fabrication are: preparation of initial SOI-
structures; laser recrystallization of poly-Si; oxidation; photolithography, including two-
side one; forming of the strain gauge pattern; fabrication of the diaphragm; slice
scribing to obtain the sensors chips; chip-to-header bond fabrication by means of field-
assisted glass-metal sealing. Polysilicon doping by boron was carried out by the ion
implantation.

The output voltage characteristics of the sensor with boron concentration 5x10!8 cm3
are shown in Fig.3 for temperatures between +19 and +153°C. The temperature
coefficients of resistance and of sensitivity (output) can be adjusted through appropriate
selection of the dopant level. One could see it clearly in Fig.4, where the temperature
dependences of output voltage in relative units are presented for two dopant levels:
5x101% cm3 and 1x1020 cm3. The main performances of the developed
piezoresistive sensors are presented in the Table 2.

The batch technology of the designed piezoresistive SOI pressure sensors has been
developed in cooperation with the "Rodon" concern (Ivan Frankivsk city, Ukraine).
These sensors are applied in different branches of industry, science and medicine. The
real applications are: machine-building, aerospace investigations, test apparatus etc. The
device for arterial pressure measurement is developed on the basis of these sensors also.

Capacitive pressure sensors

Besides that, we're carrying out the investigations to develop the capacitive pressure
sensors on the basis of SOI-structures. In these sensors approx. 1 pm thick polysilicon
layer was used as a moving capacitor plate that was a diaphragm simultaneously. The
controlled gap between the capacitor plates was fabricated by isotropic etching of SiO,

layer through etch channels. Sensitivity of designed sensor is 10-17 pF/bar. The
experimental samples of capacitive sensors are in development for the pressure ranges 0-
0.4 bar. This sensors would be applied in medicine, for arterial pressure devices
fabrication, in particular.
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TABLE 2. Technical performances of piezoresistive pressure sensors

Performance Value
Pressure ranges, bar 0-04,0-1,0-5;, 0-10
Maximum overloading, % 200
Ecxitation: - voltage, V 5-15

- current, mA 1-5
Pressure sensitivity, mV/(V bar) 5-15
Temperature coefficient of the offset
voltage, %F.S./ °C 0.02-0.03

Temperature coefficient of

sensitivity, %/ °C -(0.04 - 0.05)
Temporal drift at 20 °C, %F.S./day 0.03
Operating temperature ranges, ° C -60...+60; 20...300
Resonant frequency, kHz 100 - 400
Chip's size, mm 5x5x0.5

Conclusions

The advantages of pressure sensors based on poly-Si SOI piezoresistors are high-
temperature operating range, possibility to select the temperature coefficients by the
choice of doping concentrations for polysilicon layers and reproducibility of the process
of sensors fabrication.

It has been shown that the SOI-structures with laser-recrystallized poly-Si can be
successfully used to fabricate piezoresistive pressure sensors with good metrological
properties. The laser recrystallization provides the increasing of sensor's sensitivity to
pressure and improves its stability.
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