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Preface

Despite the fact that a range of limitations are beginning to appear as CMOS technology
is being raised to ever higher levels of perfection, it is anticipated that silicon will be the
dominant material of the semiconductor industry for at least the first half of the 21st century.
The forecast for microelectronics development published in 2006 by Semiconductor Industry
Association (SIA) reaches ahead to the years 2014-2020. Moreover, a comparison with
former SIA forecasts indicates that they become more aggressive (that is more optimistic)
with time.

While the development of silicon microelectronics in the past could be attributed mostly
to the reduction of the feature size (progress in lithography), today it relies more on new
material solutions, such as SOI, SON, SiGe or SiC. The combination of this trend with
continuous miniaturization provides the opportunity of improving IC functionality and speed
of operation.

Telecommunications and information technology are arguably the most powerful drivers
behind microelectronics product development nowadays. Plenty of new applications are
being created for fast analog and rf circuits, as well as for information processing ones. It
is clear that with the anticipated peak finax =425 GHz and fr = 385 GHz to be reached by
rf SiGe-base bipolar transistors in 2011, according to the 2006 issue of ITRS, a lot of effort
must be put into the development of appropriate material, processing, characterization and
modeling. While progress in the bipolar technology is impressive, the increase of MOSFET
speed is even more so. The same issue of ITRS predicts on-chip clock of 73 GHz for 2020,
which will require MOSFET internal switching speed of 12 500 GHz.

High-speed isn’t, however, everything. Portable wireless products push, for obvious reasons,
for low-power solutions. This trend requires new architectural solutions (e.g., channel thin-
ning), and in consequence, new material, such as SOI (or its possible successor SON), where
current driveability is considerably higher than in conventional MOSFETs.

In this issue the Reader will find papers devoted to fabrication (ultra-thin gate dielectrics,
DLC and BN layers), characterization (influence of strain on the optical properties of
the Si-SiO; system, non-uniformity of MOSFET electrical parameters over the gate area,



quality of the dielectric-semiconductor interface) and modeling (strained-Si, SiC MOSFETs)
of semiconductor devices. Statistical modeling of process (Monte Carlo) and IC reliability
is also addressed, as well as optical interconnects in future ICs.

We hope the Readers will find this issue of the Journal of Telecommunications and Infor-
mation Technology useful and interesting.

Andrzej Jakubowski
Lidia Lukasiak
Guest Editors



Applying shallow nitrogen

implantation from rf plasma
for dual gate oxide technology
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Piotr Konarski, and Michat Cwil

Abstract—The goal of this work was to study nitrogen implan-
tation from plasma with the aim of applying it in dual gate
oxide technology and to examine the influence of the rf power
of plasma and that of oxidation type. The obtained structures
were examined by means of ellipsometry, SIMS and electrical
characterization methods.

Keywords—CMOS, dual gate oxide, gate stack, oxynitride,
plasma implantation.

1. Introduction

According to the ITRS roadmap [1] the reduction of the
gate dielectric thickness is one of the ways to ensure the
increasing level of packing and performance of silicon in-
tegrated circuits. In mixed logic/memory circuits manu-
factured as system on a chip, two different thicknesses of
dielectric layers are required. The most advanced solution
would be to form both dielectric layers simultaneously, in
a single process. This may be possible if oxidation of a sili-
con layer is preceded with local nitrogen implantation, since
the rate of oxidation depends on the nitrogen implantation
dose and its profile (e.g., [2, 3]).

The experiments presented in this work are a part of
a broader study that examines the possibility of fabricat-
ing very thin dielectric layers using ultrashallow nitrogen
implantation from rf plasma. As opposed to the methods
presented in the literature so far, where classical implanters
or the IIIP technique were used for ultrashallow implanta-
tion, our process is performed in a typical Oxford plasma
technology plasma enhanced chemical vapour deposition
(PECVD) planar plasma reactor. The choice of nitrogen
source and process parameters for plasma implantation was
based on the results of previous studies [4-6].

In this work nitrogen implantation carried out from NHj3
plasma has been immediately followed by either thermal
or plasma oxidation process. In this way the influence of
oxidation type could be examined.

The aim of this work was to study the feasibility of dual gate
oxide technology (Fig. 1) based on rf plasma implantation,
as well as to investigate the influence of rf power during
implantation and that of oxidation type (conventional versus
plasma).

The thickness and nitrogen profile of the obtained lay-
ers were investigated by means of ellipsometry and sec-
ondary ion mass spectrometry (SIMS) measurements. Test
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Step 1 - nitrogen implantation in rf plasma
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Fig. 1. Dual gate oxide technology — two oxynitride layers with
different thickness obtained in a single oxidation process.

structures were fabricated using NMOS technology with
Al gate and electrical characterization was performed to
determine selected electrophysical parameters, such as: ef-
fective charge and interface trap density, insulating proper-
ties and breakdown behavior.

2. Experimental

The experiments in this study were carried out in two
steps. In the first one, the process of nitrogen implantation
from ammonia (NH3) plasma was performed at 350°C in
a PECVD system. The rf power was varied between 100 W,
200 W and 300 W. In the second step, the samples were
oxidized either thermally or using a plasma process. Ther-
mal oxidation was performed in dry oxygen diluted in argon
(50 ml/min O3 in 1 I/min Ar) at 1000°C (samples 2—4 in
Table 1). Low temperature (350°C) plasma oxidation was
performed in oxygen at rf power of 100 W (sample 6 in
Table 1). The parameters of thermal and plasma oxidation
were chosen based on the results of previous studies [4—6].
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Table 1
Summary of process parameters
Only 100 W implanta- | 200 W implanta- | 300 W implanta- Only 100 W implanta-
Parameters thermal tion + thermal tion + thermal tion + thermal plasma tion + plasma
oxidation oxidation oxidation oxidation oxidation oxidation
Sample no. 1 2 3 4 5 6
Step 1 — nitrogen plasma ion implantation, 350°C, NHj3
Implantation no yes yes yes no yes
Rf power [W] no 100 200 300 no 100
Step 2 — oxidation
Type Thermal, dry oxygen diluted in Ar, 1000°C Plasma, 350°C
Table 2
Results of electrical characterization of NMOS test structures
Only 100 W implanta- | 200 W implanta- | 300 W implanta- Only 100 W implanta-
Parameters thermal tion + thermal | tion + thermal tion + thermal plasma tion + plasma
oxidation oxidation oxidation oxidation oxidation oxidation
Sample no. 1 2 3 4 5 6
Optical thickness
o 93 55 49 53 40 40
Dox_opl [A]
EOT from C-V
104 60 38 89 46 75
(@1 MHz)
Effective dielectric 34 34 4.6 2.2 33 2.0
constant & r
Djomp [1/€V cm?] 3.21-10'2 4.93.10"? 8.93-10'? 4.11-10" 6.19-10'2 3.12-10'2
Qerr/q [em™2] 4.82-10" 9.35-10" 3.12-10? 1.64-10'2 1.34-10"2 6.93-10'?
fof/g/f)m"f 5.35-10° 1.70-10' 6.37-10" 3.10-10' 3.36-10'0 1.73-10"
[1/cm* A]
Q.17 [C/em?] 7.71-107%|  1.50-1077 5.00-1077 2.63-1077  |2.15-1077| 1.11-107°
Urp [V] -1.15 -1.20 -1.48 -1.60 -1.21 -3.34
Egr MV /cm] (50%) 13.2 11.3 12.0 19.2 13.8 13.8

To have the necessary reference data, two samples were
subjected to either thermal (sample 1) or plasma (sample 5)
oxidation only (no nitrogen implantation). The technolog-
ical experiments performed in the course of this study are
summarized in Table 1.

Thickness and composition of the obtained layers were
then studied by means of ellipsometry, and ULE-SIMS
(ultra-low-energy-SIMS), while electrophysical proper-
ties were evaluated based on electrical characterization
(C-V and [-Vcharacteristics analysis) of NMOS test struc-
tures with the investigated ultra-thin silicon oxynitride lay-
ers as gate dielectric.

3. Results

The results obtained in this work and summarized in
Tables 1 and 2 confirm that nitrogen implantation does
takes place even at very low rf plasma energies (even
at 100 W — see Fig. 2). Subsequent thermal oxidation

formed ultra-thin oxynitride layers with the composition
and thickness dependent on the conditions of the implan-
tation process.

1
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X
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Fig. 2. Examples of nitrogen profiles of the layers formed by

means of nitrogen implantation at different levels of rf power
followed by plasma oxidation as obtained from ULE-SIMS [7].
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During oxynitride layer formation two contradictory effects
have significant influence upon the composition and final
thickness of the layer.

Nitrogen implantation results in a significant decrease of
the thermal oxidation rate, as can be seen in Table 2 (com-
pare the thickness of all nitrogen implanted and thermally
oxidized samples with that of sample 1).

Results obtained by ULE — SIMS (see Fig. 2) demonstrate
that both, nitrogen profile and content may be controlled by
rf plasma power used for implantation. Depending on this
power the maximum of the nitrogen profile may be located
just at the top surface of the layer or still within the layer
— no further than 1.0 nm from its top (see Fig. 2).

A profile of this depth is difficult (if not impossible) to
obtain by other techniques. The depth correlates well with
the desired final thickness of the oxynitride layer. This
means that when the formation of ultra-thin oxynitride layer
is finished (that is after oxidation) the nitrogen profile will
not extend into the device channel region.

Analysis of electrical characteristics of NMOS test struc-
tures indicates correlation between rf power used for nitro-
gen implantation and electrical properties of the Si/SiO,N,
system.

Ellipsometric measurements indicate crucial difference be-
tween the thermal and plasma oxidation. For plasma oxida-
tion no difference between the implanted and non-implanted
samples was observed (see Table 2) while for thermal
oxidation big difference between the implanted and non-
implanted samples can be noticed. Almost no difference
may, however, be noticed between the implanted samples
despite varying rf power used. The whole picture changes
if the electrical thickness is taken into consideration.

The equivalent oxide thickness (EOT) values (electrical
thickness evaluated from the high frequency C-V character-
istics assuming the dielectric permittivity is that of silicon
dioxide) depend on rf power during implantation. The ob-
vious and intuitive explanation to this observation is that
this reflects the dependence of the efficiency of the nitro-
gen implantation (thus, the composition of the layer) on
implantation conditions. In fact a comparison of the optical
thickness and EOT leads to the conclusion that the effective
dielectric constant of the layer is higher than that of thermal
oxide only in one case (implantation at 200 W), which can
be attributed to the significant presence of nitrogen in the
layer (see Table 2). For the other cases, i.e., 100 W and
300 W, as well as the reference one, the effective dielectric
constant values are lower than that of thermal oxide.

The case of thermal oxide proves that one should treat this
comparison with highest care!. It is our strong belief that

IThe optical thickness is evaluated from the ellipsometric measurements
assuming silicon dioxide refractive index value, due to the low sensitivity
of the ellipsometric curves for very low layer thickness. EOT, on the other
hand, is evaluated assuming the dielectric constant of thick film thermal
silicon dioxide. Neither of the two assumptions is true in the case of the
examined samples, even for the reference sample 1 (this is only 10 nm
layer). In fact, the significant decrease in the sensitivity of ellipsometric
curves makes the former assumption certainly less critical than the latter.
One should also keep in mind that for ultra-thin layers optical thickness
tends to differ (is usually smaller) from electrical thickness (evaluated
from C-V curves).
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we should refer in our discussion to the observed trends in
the effective dielectric constant values, rather than to the
absolute values.

Following this approach one notices that the effective di-
electric constant reaches maximum in the 200 W case. The
dramatic drop of this parameter for 300 W could be inter-
preted as too much damage caused by nitrogen implantation
during the first stage of layer formation. It is interesting,
however, to realize that sample 4 has proved to be overall
superior (as will be shown below) to all the other samples
in terms of electrical properties (the lowest leakage cur-
rent, highest critical electric field, well defined C-V curve
and relatively low charge densities). The reason of this
discrepancy is not yet known.

For plasma oxidized samples the situation is different. Al-
though, as mentioned above, the optical thickness of the
layer is the same, the EOT values differ significantly. Re-
membering the discussion presented above we may still
state that some changes in the layer composition must take
place as a result of nitrogen plasma implantation prior to
plasma oxidation. Although such a drastic change in EOT
would certainly be good enough to obtain satisfactory dual
gate oxide technology, its value decreases instead of its
required rise. Thus, instead of relaxing technological prob-
lems with formation of ultra-thin gate dielectric layer, appli-
cation of this method to perform dual gate oxide technology
would create even more serious difficulties.

Typical electrical characteristics of NMOS test devices
manufactured for the purpose of this study are presented
in Figs. 3-5. High frequency C-V curves are shown
in Fig. 3. In general, the differences in maximum capac-
itance are the obvious consequence of different thickness
and composition of the studied oxynitride layers and — to
a certain extent — of different leakage currents. In order to
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Fig. 3. High frequency (1 MHz) C-V curves of NMOS test
structures with the gate dielectric layers produced under differ-
ent plasma parameters (varied rf power and oxidation type — see
Table 1).
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prevent the errors in EOT and all other electrical param-
eter calculations we used the estimation method of Cpax
as presented in [8]. A simple and intuitively obvious
dependence has also been found between rf plasma power
and the densities of the effective charge Q.rr interface
traps at midgap Dj,,,. Both parameters show maximum
at 200 W. In fact, sample 4 (rf during plasma implan-
tation 300 W) has superior trapping and effective charge
density to all other samples subjected to the plasma im-
plantation and only marginally worse than those of the ref-
erence thermal oxide. This result is promising for the dual
gate oxide technology.

For plasma oxidation case, the situation is more compli-
cated. Although the systems resulting from plasma nitro-
gen implantation and plasma oxidation are on a par with
reference thermal oxide in terms of trapping properties, the
effective charge density is certainly the highest among all
samples studied (more than one order of magnitude higher
than in the reference thermally oxidized gate oxide).
Typical I-V curves of individual samples studied in this
work are shown in Fig. 4. The analysis of I-V curves
yields a surprising result. Samples implanted at the high-
est rf power (300 W; sample 4) have the best insulating
properties, better even than the reference thermal oxide (es-
pecially for high electric fields). Samples prepared using
only plasma processes, that is plasma oxidation only (sam-
ple 5) or plasma implantation followed by plasma oxidation
(sample 6) exhibit comparable /-V behavior, similar also to
that of sample 1 (thermal oxidation only) for medium and
higher electric fields, although their current is almost two
orders of magnitude higher for low electric fields. Sam-
ples 2 and 3, implanted at 100 W and 200 W of rf power
exhibit the highest leakage currents.
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Fig. 4. The I-V curves of NMOS test structures; gate dielectric
layers were produced with different process parameters (varied
rf power and oxidation type — see Table 1).

In all studied samples breakdown events were well defined,
thus the Weibull plots could be created for each sample
(see Fig. 5). Oxynitride layer formed by means of implan-

tation from NH3 at 300 W and subsequent thermal oxida-
tion (sample 4) was the best in terms of critical electric
field with Epr as high as 19 MV/cm. Epg values of other
samples vary between 11 MV/cm and 14 MV/cm (see Ta-
ble 2). This means that in each case, the breakdown prop-
erties of the obtained SiON layers are superior to the defect
free thermal oxides (10 MV/cm). It is interesting to realize
that the plots for samples that underwent plasma oxidation
are almost identical, whether they were or not subjected to
nitrogen implantation.
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Fig. 5. Weibull plots of NMOS test structures; gate dielectric
layers were produced with different process parameters (varied
rf power and oxidation type — see Table 1).

Another interesting feature of the presented Weibull plots
is their abruptness indicating that for each layer type all
breakdowns took place under similar stressing voltage con-
ditions. Therefore, it may be concluded, that we are dealing
with intrinsic breakdown (characteristic of layers with al-
most no defects) or with one caused by one type of defects
only (in the case where the intrinsic breakdown field is even
higher for this type of material).

4. Summary

The experiments performed indicate that dual gate oxide
technology based on ultrashallow implantation of nitrogen
is feasible. From the two approaches to dual gate oxide
technology studied in this work, the combination of nitro-
gen implantation with thermal oxidation is definitely more
promising, because significant reduction of the final oxyni-
tride layer thickness due to plasma implantation was ob-
served.

Variation of rf power indicates that the highest investigated
value of this parameter (300 W) results in a superior quality
of the ultra-thin gate dielectric layer, comparable with that
of non-implanted samples (trapping and effective charge
density) and in certain aspects — leakage currents and crit-
ical electric field — even much better.
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Although the plasma implantation does not degrade the
properties in plasma oxidized samples (leakage currents,
critical electric field, trapping) except for the effective
charge density, the observed decrease in EOT seems to
eliminate this method from the list of candidates for im-
plementation for dual gate oxide technology in the future.
On the basis of the results obtained in this study, it may
be concluded that effective plasma implantation reduces
the leakage current, especially at medium and high elec-
tric field, leading to significant improvement in breakdown
properties (Epg reaching 19 MV/cm). This effect may be
of great value for future CMOS technologies, which suffer
a lot from the leakage and reliability issues.
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Composition and electrical

properties of ultra-thin SiO,N, layers
formed by rf plasma nitrogen
implantation/plasma oxidation processes

Tomasz Bieniek, Romuald B. Beck, Andrzej Jakubowski, Piotr Konarski,
Michat Cwil, Patrick Hoffmann, and Dieter SchmeiBer

Abstract—Experiments presented in this work are a sum-
mary of the study that examines the possibility of fabrication
of oxynitride layers for Si structures by nitrogen implantation
from rf plasma only or nitrogen implantation from rf plasma
followed immediately by plasma oxidation process. The ob-
tained layers were characterized by means of: ellipsometry,
XPS and ULE-SIMS. The results of electrical characterization
of NMOS Al-gate test structures fabricated with the investi-
gated layers used as gate dielectric, are also discussed.

Keywords—CMOS, gate stack, oxynitride, plasma implantation.

1. Introduction

According to the ITRS roadmap [1] the thickness of the
gate dielectric layer will be dramatically reduced in the
near future to 6-8 A in 2011. Such extremely thin layers
generate, however, a lot of problems in terms of processing
repeatability and reliability. This, in turn, creates a pressure
to substitute silicon dioxide with a single layer of high-k
material or — more probably — with a gate stack (a com-
bination of high-k material and pedestal layer passivating
silicon-dielectric interface).

Oxynitride layers seem to be very promising in this re-
spect. This is mostly due to the fact that silicon nitride
layers are known to be very resistant to diffusion and thus
oxidation (vide their application for LOCOS), while oxide
is undisputedly the best possible passivating layer for sili-
con surface.

Oxynitride layers can be produced with number of methods.
The experiments presented in this work are a summary of
the study that examines the possibility of fabrication of
oxynitride layers for Si structures by nitrogen implantation
from rf plasma (denoted hereafter as “as-implanted”) or
nitrogen implantation from rf plasma followed immediately
by plasma oxidation process.

In contrast to the methods presented in the literature so far
(e.g., [2, 3]), where the classical implanters or the ion im-
mersion implantation in plasma (IIIP) technique were used
for implantation, in this work we used a typical rf plasma
planar reactor, usually applied for plasma enhanced chem-
ical vapour deposition (PECVD) — Oxford plasma technol-
ogy — Plasmalab 80+.
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2. Experimental

In this work ultra-thin oxynitride layers were formed dur-
ing plasma processes. Ultrashallow plasma implantation of
nitrogen ions and low temperature plasma oxidation were
used to form the layers. Both these processes were per-
formed, as already mentioned above, in a PECVD reactor.
For the purpose of this study, the layers were formed un-
der different conditions. The variable process parameters
were: implantation time, rf power, nitrogen source gases,
and temperature. A detailed process description may be
found in [4-6].

Two-stage analysis of the studied ultra-thin oxynitride lay-
ers was performed. In the first stage, the layers formed us-
ing nitrogen plasma implantation only (as implanted) were
characterized in order to understand the state of the silicon
substrate right after plasma implantation. In the second
stage, the layers formed using nitrogen implantation fol-
lowed by plasma oxidation underwent similar analysis, to
understand the consequences of the complex process.
Each stage included structural (i.e., optical — ellipsom-
etry, chemical and physical X-ray photoelectron spec-
troscopy (XPS), secondary ion mass spectroscopy (SIMS)
and electrical (electrical measurements of NMOS test struc-
tures with investigated layer used like a gate dielectrics)
analysis. Structural analysis was aimed at independent de-
termination of the chemical composition and thickness of
the layers [7-9]. In order to perform electrical character-
ization of the layers, NMOS Al-gate test structures with
ultra-thin dielectric layers formed using the studied method
were fabricated. Al gate was chosen to avoid any thermal
treatment after the gate dielectric was formed.

The NMOS test structures were then electrically charac-
terized by means of C-V and /-V measurements in order
to evaluate: leakage currents, effective charge density and
trapping and breakdown behavior.

3. Results

3.1. Samples with nitrogen plasma implantation only
(as-implanted)

In the first step, analysis of the correlation between the ul-
trashallow plasma implantation and composition and thick-
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ness of the affected silicon layer was studied. The following
parameters of plasma implantation were of interest: type of
nitrogen source gas, rf plasma power, implantation time and
sample temperature during implantation.

The XPS studies have revealed that despite using either
nitrogen or ammonia plasma during implantation, the im-
planted substrate region consists mostly of silicon dioxide.
This must be the result of a spontaneous oxidation upon
the exposure of the samples to the atmosphere when re-
moving them from the plasma reactor. Even though the
implantation temperature is only 200°C or 350°C — the re-
sults prove that the implantation leaves the silicon surface
very prone to oxidation even in such usually unfavorable
conditions.

There are, however, small differences in the composition
of the studied layers depending on the nitrogen source
(see Fig. 1). Marginally higher content of nitrogen is ob-
served for nitrogen implantation from ammonia plasma.
Different nitrogen content and/or damage caused to the sil-
icon surface during nitrogen implantation result in signifi-
cantly different overall layer thickness — lower for implan-
tation from ammonia than from nitrogen plasma. Thus, it
seams reasonable to choose ammonia plasma for the pur-
pose investigated in this paper and this choice has been
adopted for the subsequent investigation.

= Sio,
—ESiON,
o SiN
I | free silicon

I

Layers thickness [A]
—_ [\e] w s W ()
c = 3 &8 &5 3 3

N, NH,4 Ar
Sample

Fig. 1. Chemical composition and thickness obtained from XPS
for layers formed in different plasmas (NH3, N>, Ar) — normalized
to the optical thickness.

From the reference experiment in which the silicon sam-
ple was subjected to Ar plasma bombardment (for the
same as in case of nitrogen and ammonia plasmas
rf power — 100 W) one can evaluate the influence of sub-
strate damage caused by bombarding ions. Comparison of
the thickness of spontaneously oxidized layers after expo-
sure to either Ar or nitrogen plasma clearly proves that the
nitrogen presence in the surface silicon layer significantly
slows down the oxidation rate.

This in turn proves that the presence of nitrogen-rich oxide
at the silicon surface may be effectively used to prevent
or at least to reduce oxide growth at the silicon interface
during high-k dielectric deposition and/or source and drain
dopant activation annealing.
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The next correlation to investigate was the influence
of implantation rf power. The analysis based on the ex-
ample of NH3 samples shows that rf power is a very im-
portant process parameter (see Figs. 2 and 3). Increas-
ing implantation power results in a decrease of the layer
thickness and in minor changes of its chemical composi-
tion (see Figs. 2a and 2b). It is not obvious if these changes
are sufficient to cause the observed reduction of the layer
thickness. The other possibility is that changing rf power
affects the density of the plasma and thus also the im-
plantation and substrate damage efficiency, which in turn
can lead to a change in spontaneous oxidation rate. Addi-
tional data for this analysis may be obtained from ultra-low
energy SIMS (ULE-SIMS).

= Sio,

o SiO\N,
100 - 0 SiN
90 + m free

silicon

Chemical composition [%]
wn
S

NH, implantation 50 W NH; implantation 100 W

b) ‘

B Sio,

o SiO\N,
20 o SiN
187 m free
16 7 silicon
14 1
12 7

10 7

Layers thickness [A]
and chemical composition

NH; implantation 50 W NH; implantation 100 W

Fig. 2. Chemical composition and thickness obtained from XPS
for layers formed in NH3 plasma for two different levels of rf
implantation power (50 W and 100 W) normalized to: (a) 100%;
(b) to the layer thickness.

Analysis of ULE-SIMS data yielded similar results to the
ones obtained from XPS. They prove that rf power used
for nitrogen implantation is a crucial process parameter.
Depending on rf power used, the maximum of the nitrogen
profile may be located just at the top surface of the layers
(for power not higher than 100 W) or within up to 1.0 nm
from it (see Fig. 3). It seems, therefore, that the nitro-
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Fig. 3. Examples of ULE-SIMS results — secondary ion current
for SiO*, Sit, NEL for the samples implanted from NHj3 for two
different rf power levels (100 W and 200 W).

gen profile may be optimized by choosing the appropriate
rf power for nitrogen implantation.

A profile of this depth is difficult (if not impossible) to
obtain by other techniques. The depth correlates well with
the desired final thickness of the oxynitride layer. This
means that when the formation of ultra-thin oxynitride layer
is finished (that is after oxidation) the nitrogen profile will
not extend into the device channel region.

The XPS study of the samples exposed to plasma implanta-
tion of nitrogen for different time (see Fig. 4) demonstrates
that the amount of nitrogen rich phases (oxynitrides and ni-
trides) reaches a maximum at a certain implantation time.
For the studied cases the highest content of nitrogen was
observed in layers obtained by 10 min implantation. In
practice, however, it may be difficult to use this parame-
ter to optimize nitrogen content since the layer thickness is
also dependent on implantation time.

msio,
25¢ |@SiON,
"OSiN/SiyN,
20 + W free silicon

Layers thickness [A]
and chemical composition

5 10 20
Implantation time [min]

Fig. 4. Chemical composition and thickness obtained from XPS
for different times of implantation (5 min, 10 min, 20 min) —
normalized to the optical thickness.

The last parameter of nitrogen implantation to be studied
was the temperature of the silicon substrate. The surpris-
ing result obtained in this study can be seen in Fig. Sa,
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which demonstrates that no differences in the chemical con-
tent are observed between the layer obtained at temperatures
ranging from 200°C to 350°C. Interestingly enough higher
temperatures promote layer growth (23 A versus 45 A
for 200°C and 350°C, respectively — see Fig. 5b). The na-
ture of this dependence is not clear. One might speculate

a) 1
= SiO,

o SiO N
Bfrec’
silicon

Layers chemical composition [%]
W
S

200 350

Implantation temperature [°C]

b) | BSiO,
o SiO,N,

o free

silicon

Layers thickness [A]
and chemical composition

200 350

Implantation temperature [°C]

Fig. 5. Chemical composition and thickness obtained from XPS
for layers formed at different implantation temperatures (200°C
and 350°C) — normalized: (a) to 100%; (b) to the optical thick-
ness.

that higher temperatures allow easier (and faster) forma-
tion of nitride bonds, which in turn increases the silicon
substrate oxidation rate. Such an explanation would be,
however, only true if silicon oxidation took place during
implantation and not, as believed until now, exclusively
during the exposure to the clean-room atmosphere.

3.2. Samples with nitrogen implantation followed by
plasma oxidation

The next stage of analysis refers to the structural inves-
tigations of the layers formed using plasma implantation
of nitrogen followed by plasma oxidation. Introduction of
the second process step — plasma oxidation — has created
new parameters to be decided upon. From previous studies

11
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on plasma oxidation alone we have chosen the rf power
of 50 W and oxygen pressure of 0.5 Tr for this process.
Oxidation time was studied using XPS, similarly to the
previous case. From the spectra presented in Fig. 6 we
can clearly see that even half minute oxidation after ni-
trogen implantation is enough to form an oxynitride layer
with high silicon dioxide content. Any oxidation, longer
than 0.5 min, gives SiO,N, layer with similar oxygen con-
tent and profile. For the sake of this study, the plasma
oxidation time was set to 2 min. The following experi-
ments aimed at checking the influence of plasma oxidation
on the composition of the final layer.

a)
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]
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<
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E
15}
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Binding energy [eV]
= Om== S4 - Si2p (imp. 100 W + ox. 0.5 min)
=== S5-Si2p (imp. 100 W + ox. 1 min)
—@=S6 - Si2p (imp. 100 W + ox. 1.5 min)
=—m=S2 - Si2p (imp. 100 W + ox. 2 min)
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S 40
g 30 1
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Fig. 6. Results of XPS measurements: (a) Si2p peaks for the sam-
ples implanted from NHj3 plasma at 100 W and plasma oxidized
for different oxidation times (0.5; 1; 1.5, 2 min); (b) composition
of the layer plasma oxidized for 2 min.

The XPS spectra shown in Fig. 7 prove that as a result of
plasma oxidation we obtain almost the same composition
of the oxynitride layer (as shown in Fig. 6b) regardless of
the rf power used for nitrogen implantation.
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Fig. 7. Si2p peak for samples implanted from NHj3 plasma at
three different levels of rf power (50 W, 100 W and 200 W) and
oxidized in oxygen plasma for 2 min.

3.3. Electrical characterization

The test structures for the analysis of electrophysical prop-
erties were fabricated using different nitrogen implantation
conditions. In order to establish the most sensitive relations
between the properties of the layers and plasma process
parameters the test structures were fabricated using differ-
ent rf plasma power for plasma implantation. It should be
remembered here that this parameter appeared to have the
greatest influence on the properties of the layers directly af-
ter implantation. Two samples were fabricated using NHj
as nitrogen source at different levels of rf power (sample
5-100 W and sample 6-50 W). For the sake of comparison,
one sample was also produced with the layer formed using
N, plasma (sample 4). Process parameters and characteri-
zation results are summarized in Table 1.

Analysis of electrical characteristics of NMOS test struc-
tures has shown strong correlation between plasma process
parameters and electrical properties of the layers. This re-
sult was rather surprising since XPS analysis revealed that
layer composition after plasma oxidation was the same re-
gardless of the initial state after nitrogen implantation.
High frequency C-V curves shown in Fig. 8 form two
clearly distinguishable groups. One curve (sample 1) is
shifted towards negative voltage with respect to all the other
curves (including also those obtained from as implanted
samples 5 and 6). This voltage shift is the consequence
of much higher effective charge concentration Q.rr/q (see
Table 1). This confirms the results of the XPS analysis,
which indicated that implantation at 200 W from NHj3
plasma created significantly more damage than processes
carried out at lower values of rf power [4-6].

The differences in maximum capacitance Cpyx are the ob-
vious consequence of the variation in layer thicknesses,
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Table 1

The technological process parameters of oxynitride layer formation and the results of optical and electrical
characteristics evaluation for NMOS test structures manufactured in this study

Parameters Samples
1 2 | 3 | 4 5 6
Step 1 — nitrogen ions implantation (350°C)
Power [W] 200 100 50 50 100 50
Gas/plasma NH; NH; NH3 N, NH3 NH3
Step 2 — plasma oxidation (350°C, 50 W, O»)
Optical characterization
Layer thickness [A] 33 4 | 24 | % 45 32
Electrical characterization (from C-V curves)
EOT [A] 59 37 35 41 33 40
Uspp [V] 2.2 -1.1 -1.0 -1.1 -1.2 -1.2
Oeff/q [cm™2] 4.7-10"2 | 9.0-10'% | 49-10'" | 7.0-10" | 1.8-10'2 | 1.1-10"
Q.fr/q/optical thickness [cm~2/A] | 1.4-10" | 3.8-10'° | 2.0-10° | 1.3-10" | 4.0-10' | 3.4.10'
Diyp 1/eVem? 1.8-108% | 1.5-108 | 8.0-102 | 1.2-10"% | 98.101 | 7.7-10'?
Electrical characterization (from /-V curves)
Epreatdown | 178 204 | 196 | 106 10 —*
* No catastrophic physical breakdown could be detected for these devices.

compositions, as well as in leakage current for particular
wafers. Leakage is related with oxide structure integrity,
therefore should also be reflected in the effective dielec-
tric constant of the studied oxynitride layers. These values
obtained from Cpax (oxynitride thickness was determined
independently by ellipsometry) have confirmed the above
mentioned relations between samples.

(5)NH,-100 W

Capacitance [F]

Bias [Vi

- NH;-200 W + ox. = N,-50 W+ ox.
-~ NH;-100 W + ox. ~ NH;-100 W
- NH;-50 W + ox. — NH;-50 W

Fig. 8.  Typical high frequency C-V curves for the studied
NMOS test structures with the gate dielectric layers produced
with different plasma parameters (varied rf power and nitrogen
gas source) [6].

The C-V behavior of as implanted samples proves that
a dielectric film (identified by XPS as oxynitride layer) is
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formed on top of the silicon substrate already after nitrogen
implantation. This observation confirms that the exposure
of the as-implanted silicon surface (please, keep in mind
that the wafer temperature is 350°C before the plasma re-
actor is vented) to the atmosphere is enough to form an
oxynitride layer. The quality of such layers (as-implanted)
expressed in terms of charge and trap densities in the stud-
ied system is, amazingly, comparable to those formed by
plasma oxidation only. The significant difference between
these two groups (as-implanted and oxidized), as it will
be shown below, exists in leakage currents and breakdown
properties, which suggests that the main difference between
them lays in the integrity of the dielectric layer.

Simple and intuitively obvious dependence between rf
plasma power and the densities of the effective charge Q,rf
and traps Dy, has also been confirmed. The values of
both of these parameters rise with the increase of rf power.
Taking into consideration different final thickness of the
oxynitride layers obtained under different conditions makes
this dependence even stronger (see Q.¢r/g normalized to
the layer thickness in Table 1).

It is interesting to realize that although N, implanted sam-
ples exhibit relatively low Q.¢/g values (especially when
normalized to the layer thickness) — their interface proper-
ties (expressed in Dj,,;,) are worse than those of the 50 W,
NHj3-implanted sample.

The typical I-V curves (for the purpose of easier compari-
son drawn in the J-E scale) for individual samples studied
in this work are presented in Fig. 9. In all of the exam-
ined cases (except of sample 6) the breakdown events were
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well defined, thus, the Weibull plots could be constructed
(see Fig. 10).

-30 -25 -20 -15 -10 -5 0
Electric field [MV/cm]
= NH;-200 W + ox. = N,-50 W + ox.

“~ NH,;-100 W+o0x. = NH,-100 W
= NH,-50 W + ox. — NH;-50 W

Fig. 9. Typical J-E curves for the studied NMOS test struc-
tures; gate dielectric layers were produced with different plasma
parameters (rf power and nitrogen source gas) [6].
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Fig. 10. Weibull’s plots for the studied NMOS test structures;
gate dielectric layers were produced with different plasma param-
eters (rf power and nitrogen gas source) [6].

The as-implanted samples (without plasma oxidation) ex-
hibit obviously the highest leakage currents. In the case
of the sample implanted at 50 W this current is approx-
imately two orders of magnitude higher than that of the
sample implanted at 100 W.

Among the samples which underwent plasma oxidation,
N, implanted sample proves again to be inferior to the
rest. Although its critical electric field is comparable to that
typically achieved by thermal SiO, layers (~ 10 MV/cm),
other samples exhibited much higher values. The best result
(20 MV/cm) was observed in the oxynitride sample formed
by implantation from NH3 at 100 W.

It is interesting to realize that the lowest leakage current
is observed for the sample implanted from NHj3 at 200 W,
which is the worst among implanted and oxidized samples
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in terms of charge and trap density In the high electric field
region the current for this sample was even a few (up to
three) orders of magnitude lower than that for the samples
implanted from NHj3 at lower rf power (100 W and 50 W).

The Weibull plots created from the results of /-V measure-
ments are shown in Fig. 10. It is interesting to realize that
all of them are very steep, proving practically single mode
breakdown properties and no (or very little) early, defect
related breakdowns.

4. Summary

The nitrogen implantation from rf plasma either alone or
followed by plasma oxidation was studied as a potential
method to fabricate ultra-thin oxynitrides layers.

It has been proved that nitrogen implantation from NHj
can be more effective than from N,. The rf power can be
successfully used to control both, the thickness and compo-
sition of an ultra-thin oxynitride layer. It can also be used
to control the nitrogen profile within the oxynitride layer.
The nitrogen penetration depth can be less than 1.0 nm.
Thus, no degradation of MOSFET carrier mobility in the
device channel should be observed.

The implantation temperature and time are not sensitive pa-
rameters, therefore this method offers significant flexibility
in this respect.

Plasma oxidation rebuilds the oxynitride layer, the final
composition is practically the same regardless of the pa-
rameters of the preceding nitrogen implantation. The elec-
trophysical properties of these layers are, however, different
(implantation — parameter dependent).

The effective charge and interface trap densities are, so
far, hardly acceptable, but no annealing has been used in
this study. The breakdown properties of the studied layers
are excellent and, hence, give hope for uniform and reli-
able gate stacks with pedestal oxynitrides formed by this
method.
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The influence

of annealing (900°C) of ultra-thin
PECYVD silicon oxynitride layers
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Piotr Konarski, Patrick Hoffmann, and Dieter Schmeif3er

Abstract—This work reports on changes in the properties
of ultra-thin PECVD silicon oxynitride layers after high-
temperature treatment. Possible changes in the structure,
composition and electrophysical properties were investigated
by means of spectroscopic ellipsometry, XPS, SIMS and
electrical characterization methods (C-V, I-V and charge-
pumping). The XPS measurements show that SiO,Ny is the
dominant phase in the ultra-thin layer and high-temperature
annealing results in further increase of the oxynitride phase
up to 70% of the whole layer. Despite comparable thickness,
SIMS measurement indicates a densification of the annealed
layer, because sputtering time is increased. It suggests com-
plex changes of physical and chemical properties of the investi-
gated layers taking place during high-temperature annealing.
The C-V curves of annealed layers exhibit less frequency dis-
persion, their leakage and charge-pumping currents are lower
when compared to those of as-deposited layers, proving im-
provement in the gate structure trapping properties due to
the annealing process.

Keywords—ultra-thin dielectrics, silicon oxynitride, PECVD,
CMOS.

1. Introduction

According to the ITRS roadmap [1] SiO, gate dielectric
will have to be replaced with by layers exhibiting higher
dielectric constants. Ultra-thin silicon oxynitride (SiOxNy)
seems to be a promising candidate as gate dielectric in
future CMOS IC’s (e.g., [2, 3]).

However, during standard CMOS self-aligned technology
the implantation of source/drain regions is followed by
a high-temperature annealing aiming at electrical activa-
tion of the implanted dopants. These processes occur after
gate dielectric fabrication and may obviously influence its
electrophysical properties.

This work reports on changes in properties of ultra-thin
plasma enhanced chemical vapour deposition (PECVD)
silicon oxynitride layers after high-temperature treatment.
Possible changes in the structure, composition and electro-
physical properties were investigated by means of spectro-
scopic ellipsometry, XPS, SIMS and electrical characteri-
zation.

2. Experimental

Non-self-aligned Al gate NMOS technology was used to
fabricate test structures on 2” p-type (100) Si wafers.
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Oxynitride layers were deposited in a Plasmalab Sys-
tem 80+ of Oxford plasma technology. The parameters of
the PECVD process were optimized to allow repeatable for-
mation of gate dielectrics. Split experiments with anneal-
ing of the obtained layers in argon at 900°C for 30 minutes
were done. Process parameters are shown in Table 1.

Table 1
Process parameters allowing formation
of ultra-thin silicon oxynitride layers

Parameters Values
SiHy (2%): Nj [sccm] 150
N>O [sccm] 16
NHj3 [scem] 32
Pressure [mTr] 500
Power [W] 10
Time [s] 20
Temperature [°C] 350
Time of annealing [min] 30
Temperature of annealing [°C] 900

The properties of the obtained layers were examined
by means of: optical, electrical, XPS and SIMS measure-
ments.

The thickness of the oxynitride layers was measured using
a J. A. Wollam spectroscopic ellipsometer.

The X-ray photoelectron spectroscopy (XPS) analysis and
ultra-low-energy-secondary ion mass spectroscopy (ULE-
SIMS) profiles were used to observe the changes in chem-
ical composition and component profiles due to the high-
temperature treatment.

The XPS measurements were performed at the undula-
tor beamline U49/2-PGM-2 supplying photons in the en-
ergy range of 80eV —1500eV with a resolution above
7000 (E/AE). An EA125 electron analyser (Omicron
NanoTechnology GmbH) with a resolution of ~200 meV
was used.

The SIMS measurements were done using SAJW-05 sys-
tem equipped with 06-350E Physical Electronics Ar™ gun
(ultra-low energy 880 eV Ar" beam) and Balzers QMA-410
quadrupole mass spectrometer. Quantitative atomic con-
centration of nitrogen and oxygen was calculated based on
Si)N*, Si,O" and Sij secondary ion currents.
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Electrical measurements were performed with Hewlett-
Packard 4061A Semiconductor Component Test System
(C-V characteristics) and Keithley SMU (I-V characteris-
tics). The metal-insulator-semiconductor (MIS) capacitors
with gate area of A = 1.7-107> cm? were used to de-
termine the basic electrophysical properties of the inves-
tigated layers. Moreover, charge-pumping currents of MIS-
FETs (W x L =10 um x 10 pm) were measured to evaluate
interface-trap density.

3. Results and discussion

Changes in the structure and composition of PECVD sil-
icon oxynitride layers due to high-temperature annealing
were studied by XPS measurements. To get the informa-
tion about chemical bonds present in SiON, the measured
spectra were analysed using line deconvolution. Every sin-
gle line was attributed to the particular compound, due to
its unique binding energy in the ultra-thin dielectric layer.
Figure 1 shows a comparison of the chemical composition
of the dielectric layers before and after annealing (expressed
in terms of thickness and referred to the thickness obtained
from the ellipsometric measurements) as determined from
the Si2p line.

70
free silicon
60 B3 0 SisN,
OB 5o, el
50 SION, 75
=< LI ey
% 40 \“\\1\1\\5“\“
g R
= SRR
2 30
=
=
20 +
10
0 .l
As-deposited Annealed
Fig. 1. Composition of PECVD ultra-thin silicon oxynitride

layers (expressed as thickness), as determined from the Si2p line
analysis.

From Fig. 1 a number of conclusions can be drawn. First —
SiO;Ny is the dominant phase in both as-deposited and an-
nealed layers. Second — high-temperature annealing causes
the amount of all phases other than oxynitride to decrease.
These phases include oxide, silicon and, particularly signif-
icant, nitride (decreasing by almost 60%). It seems reason-
able to expect that the growth of oxynitride takes place at
the expense of nitride and oxide, while the decrease of the
amount of free silicon resulting from annealing is probably
due to the saturation of silicon dangling bonds during this
high-temperature process. Third — the ultra-thin oxynitride
layer can be considered thermally stable in terms of the total
layer thickness, as no significant change in this parameter
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is observed after annealing at high temperatures. This is
very important for application of such oxynitride layers in
the self-aligned CMOS technology since post implantation
high-temperature annealing must not result in any signifi-
cant changes of the layer thickness. Such changes would
obviously be detrimental to the overall integrity of the gate
stack.

The SIMS profiles obtained for the same layers are shown
in Fig. 2. It should be noticed that despite comparable
physical thickness (as determined by ellipsometric measure-
ments), sputtering of annealed dielectric layers during the
measurement is much slower than that of as-deposited ones.
Consequently, the location of the silicon/layer interface on
the sputtering time scale is quite different for as-deposited
and annealed layers (see Fig. 2). This difference in etching

& as-deposited 0.06
¢ annealed

0.04

N concentration [fraction]

0.02

Si and O concentration [fraction]

Sputtering time [arb.units]

Fig. 2. The SIMS profiles of as-deposited and annealed silicon
oxynitride layers.

rate has to be attributed to changes in physical and chem-
ical properties (e.g., saturation of dangling bonds, densifi-
cation of the layer) that must have taken place during high-
temperature annealing of the oxynitride layers. A similar
result has been observed during wet etching of ultra-thin
oxynitride layers during formation of transistor gate. The
wet etching time increased 18 times (from 10 seconds for
as-deposited layers to 3 minutes for annealed ones)!
These observations indicate that annealed layers should
exhibit better electrophysical properties than as-deposited
ones. In fact, these expectations have been confirmed by
the analysis of electrical properties of the studied ultra-thin
dielectric/silicon system. The results of this analysis are
presented below.

Another observation resulting from SIMS profiles is that
nitrogen and oxygen are distributed more homogeneously
in annealed layers than in as-deposited ones. In the case
of the latter the maximum nitrogen concentration is located
well within the layer (neither close to the top surface, nor
to the interface).

The capacitance-voltage characteristics obtained from
the test structures are shown in Fig. 3. It is clear that
C-V curves of MIS capacitors with annealed oxynitrides ex-
hibit smaller frequency dispersion in all regions (inversion,
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Fig. 3. Comparison of C-V characteristics of MIS structures with
(a) as-deposited and (b) annealed silicon oxynitride layers.

depletion and accumulation). Moreover, the maximum ca-
pacitance Cp,x is higher in annealed structures. Since the
total layer thickness (determined by ellipsometric measure-
ments) is comparable for both annealed and as-deposited
layers and Cp,y is stable over a wide voltage range we can
conclude that the dielectric constant is increased as a result
of annealing. The parameters presented in Table 2 confirm
this assumption.

Table 2
Optical thickness and basic electrophysical properties
of PECVD SiO,N, layers

Parameters As-deposited Annealed
Thickness [A] 61 57
EOT [A]* 50 42
Qcff/q [em=2]* 4.75-10"? 4.82-10'?
Dy [em~2ev= 1] 1.2-101 7.2-10"2

*EOT stands for equivalend oxide thickness (determined
from C-V measurements), ** evaluated from C-V mea-
surements, “** evaluated from C-P measurements.

Table 2 compares the thickness and basic electrophysical
parameters of the oxynitride layers, determined by means of
spectroscopic ellipsometry, C-V and charge-pumping (CP).
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The equivalent oxide thickness (EOT) is lower than physical
thickness by 16% in the case of as-deposited layers and
by 26% in the case of annealed ones. This is due to the
fact that the dielectric constant of annealed layers is higher
than that of as-deposited ones. The effective charge (as
determined from C-V measurements) does not seem to be
affected by annealing but the trap density determined from
CP measurements is almost twice lower for annealed layers.
It may be thus concluded that annealed oxynitride exhibits
better electrophysical properties.

- - as-deposited
1.6 Y — annealed _|

CP current [pA]

Voltage [V]

Fig. 4. Comparison of CP currents of MISFETs (W x L =
10 um x 10 pm).

As seen in Fig. 4 only CP characteristics of MISFETs
with annealed layers demonstrate classical behavior. Sig-
nificantly higher CP currents of MISFETs with as-deposited
layers at higher gate voltages are probably caused by higher
leakage current (see Fig. 5) [4]. Additionally, CP currents
of the MISFETs with annealed gate dielectric are clearly
lower than these of as-deposited layers. This indicates that
annealed layers have lower trap density (see Table 2).

10°
---------------------- as-deposited
1 00 T —— annealed
i g 2 \
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g -4 N 5
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<

=

qi:‘) 10-6 \

=1 .

&
10 8 S~ .
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Electric field [MV/cm]
Fig. 5. Current density versus mean electric field within the

dielectric layer.

The current-voltage characteristics were also measured in
this study. To facilitate a comparison of the insulating prop-
erties of the investigated layers, these characteristics are
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presented in Fig. 5 as current density versus mean electric
field within the SiO,N, layer. It is clear that oxynitride
layers exposed to high-temperature treatment show much
better insulating properties — at intermediate electric fields
current density of as-deposited layers is almost four orders
of magnitude higher than that of annealed ones.

4. Conclusions

Ultra-thin PECVD silicon oxynitride layers were investi-
gated by means of spectroscopic ellipsometry, XPS, SIMS
and electrical characterization.

Ultra-thin PECVD silicon oxynitrides undergo complex
changes in chemical composition due to thermal treatment
(e.g., decreasing amount of oxide and nitride and increasing
amount of SiO;N,). The amount of free silicon is lower
in annealed layers — probably due to the saturation of free
dangling bonds caused by annealing.

Oxygen and nitrogen are distributed more homogenously
throughout annealed layers than as-deposited ones. In as-
deposited oxynitride layers a maximum of nitrogen concen-
tration is visible between the two interfaces.

Annealed silicon oxynitrides have better insulating proper-
ties (as evidenced by significantly lower leakage current).
Additionally, annealed SiON,/Si system has better elec-
trical parameters — lower frequency dispersion and lower
interface traps density.

In view of all these results it is justified to conclude
that high-temperature annealing improves electrophysical
properties of silicon oxynitride layers. Moreover, oxyni-
tride is thermally stable in terms of the total layer thick-
ness, therefore high-temperature annealing may be applied
(e.g., dopant activation after the implantation process) fol-
lowing the formation of the gate dielectric in self-aligned
CMOS technology.
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Comparison of composition

of ultra-thin silicon oxynitride layers’
fabricated by PECVD and ultrashallow
rf plasma ion implantation

Robert Mroczynski, Tomasz Bieniek, Romuald B. Beck, Michat Cwil,
Piotr Konarski, Patrick Hoffmann, and Dieter Schmeif3er

Abstract—In this paper differences in chemical composition
of ultra-thin silicon oxynitride layers fabricated in planar
rf plasma reactor are studied. The ultra-thin dielectric lay-
ers were obtained in the same reactor by two different meth-
ods: ultrashallow nitrogen implantation followed by plasma
oxidation and plasma enhanced chemical vapour deposition
(PECVD). Chemical composition of silicon oxynitride layers
was investigated by means of X-ray photoelectron spectroscopy
(XPS) and secondary ion mass spectrometry (SIMS). The spec-
troscopic ellipsometry was used to determine both the thick-
ness and refractive index of the obtained layers. The XPS
measurements show considerable differences between the com-
position of the fabricated layers using each of the above men-
tioned methods. The SIMS analysis confirms XPS results and
indicates differences in nitrogen distribution.

Keywords—ultra-thin dielectrics,
PECVD.

oxynitride, SIMS, XPS,

1. Introduction

Silicon oxynitride has been investigated extensively for sev-
eral years as an alternative for silicon dioxide (e.g., [1]).
This is mainly due to the fact that the dielectric constant of
oxynitride is slightly higher than that of SiO,, the reliabil-
ity of the oxynitride/silicon system is better and boron and
phosphorus diffusion is reduced. Moreover, the diffusion
of atomic hydrogen is also suppressed by silicon oxynitride
(e.g., [2]).

Nowadays, as the thickness of the gate dielectric layers
has reached the scale of a few nanometers, understand-
ing the chemical composition of such thin layers is of ex-
treme importance. For appropriate characterization of such
ultra-thin layers ultra-low energy secondary ion mass spec-
troscopy (ULE-SIMS) and XPS can be used [3, 4].

In this paper ultra-thin silicon oxynitride layers were fab-
ricated in a planar rf plasma reactor. The dielectric lay-
ers were obtained in the same reactor using two differ-
ent methods: ultrashallow nitrogen implantation followed
by plasma oxidation (referred to hereafter as implanta-
tion/oxidation) and plasma enhanced chemical vapour de-
position (PECVD). The source of plasma used during ni-
trogen implantation was either ammonia (NH3) or pure ni-
trogen (N»).
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Chemical composition of silicon oxynitride layers was in-
vestigated by means of XPS and ULE-SIMS. Spectroscopic
ellipsometry was used to determine the thickness and re-
fractive index of the obtained layers.

2. Experimental

Two-inch (100) p type silicon substrates of the resistivity
4-7 Qcm were used in this study. The silicon oxyni-
tride films were fabricated in an Oxford plasma technology
Plasmalab 80+ system. The silicon substrates were cleaned
using the standard RCA method. A schematic view of the
equipment used is shown in Fig. 1.

Matching
network

Rf
generator

Gas inlet

Gas outlet

|
|

Fig. 1. Schematic view of the parallel plate reactor.

Process parameters necessary for ultra-thin oxynitride to be
formed are presented in Table 1.

The properties of the obtained layers were studied by ellip-
sometric, XPS and ULE-SIMS analysis. A J.A. Woollam
Co. ellipsometer allowing measurements at different angles
with the wavelength ranging from 250 nm to 1400 nm was
used to determine the thickness and refractive index of the
investigated layers.

The XPS and ULE-SIMS measurements were used to
investigate differences in the chemical composition and
profiles of SiO,N, layers. XPS measurements were per-
formed at 1254 eV at the Brandenburg University of
Technology in Cottbus. SIMS measurements were done
at the Industrial Institute of Electronics in Warsaw using
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SAJW-05 system equipped with 06-350E Physical Elec-
tronics Ar+ gun (ultra-low energy 880 eV Ar™ beam)
and Balzers QMA-410 quadrupole mass spectrometer.
Art beam (100 um in diameter) was rastered over an area
of 2 mm x 2 mm in order to get low ion current density
and appropriate sputtering rate during ion bombardment.
With this high in-depth resolution could be obtained.

Table 1
Process parameters allowing formation of ultra-thin
dielectric layers

Ultrashallow ion
implantation
Parameters Step 1 — | Step2 - | PECVD
plasma plasma
nitridation | oxidation
Power [W] 50 10
Pressure [mTr] 500 300 | 500
SiHy (2%): N; flow [sccm] - 150
N>O flow [sccm] - 16
NHj or N; flow [sccm)] 50 - 32
O, flow [sccm] - 50 -
Temp. [°C] 350 350

Quantitative atomic concentration of nitrogen and oxygen
was calculated based on Si;N*, Si,O" and Sip* secondary
ion currents.

3. Results and disscusion

Thickness and refractive index of the obtained ultra-thin
silicon oxynitride layers are presented in Table 2. These
results combined with those of XPS measurements (to be
discussed below) strongly indicate that the amount of sil-
icon nitride phase is higher in the PECVD layers than in
those fabricated using the implantation/oxidation technique.
The refractive index of PECVD layers is significantly higher
than that of implantation/oxidation ones. Additionally, its
values are practically independent of process pressure
(see Table 2). Moreover, the refractive index of oxynitride
fabricated by means of implantation/oxidation depends on
the plasma source used during implantation. In the case
of pure nitrogen source the refractive index is very close

Table 2
Thickness and refractive index of ultra-thin silicon
oxynitride layers evaluated from spectroscopic

ellipsometry
Itrashall 1 i
U tras. allow plasma ion PECVD
implantation
Thickness [A] | NH3 implan-| Ny implan-| 0 r 1500 oy

tation tation

36 36 30 38

Ny 1.63 1.44 1.95 1.98
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to that of silicon dioxide (Nyiayer = 1.44 =~ Nysio, = 1.46)
while the refractive index of layers obtained from ammo-
nia source is between silicon dioxide and silicon nitride
(NfSi02 =1.46< Nflayer =1.64< NfSi3N4 =2).
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2" 120 000
&
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% 80000
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a
]
2 40000
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-1200 -1000 -800 -600 -400 -200 0
Binding energy [eV]

Fig. 2. The XPS spectrum of silicon oxynitride layer obtained
by means of implantation/oxidation from ammonia source.

Comparison of composition and structure of ultra-thin sil-
icon oxynitride layers was made using XPS analysis. Pho-
toelectron spectra were taken at 1254 eV. In Fig. 2 a sur-
vey spectrum of an implantation/oxidation layer (ammo-
nia source) is presented. Si2p (~ 100 eV) and significant
Ols (~532 eV) peaks can be seen, while the Nls peak
(~398 eV) is not noticeable. It means that the nitride
phase in this layer is practically absent.

5000 4 ultrashallow ion
implantation

I PR PECVD
é 4000 A
=
S
3
S 3000 -
oy
o
=
2 2000
@]

1000 4 MWWM‘“‘W\»WW

-408 -404 -400 -396 -392
Binding energy [eV]
Fig. 3. Comparison of Nls spectra of PECVD and implanta-

tion/oxidation layers.

A comparison of Nls spectra obtained from PECVD and
implantation/oxidation layers is shown in Fig. 3 confirm-
ing that the N1s peak of the implantation/oxidation layer is
practically invisible, while it is very strong in the PECVD
layer. This result might indicate that there is no nitro-
gen in the implantation/oxidation layers that consist of sil-
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icon oxide only. One could argue then, that the implan-
tation step failed at implanting nitrogen into the silicon
subsurface region.

It is interesting to compare the nitrogen content in the fully
formed implantation/oxidation layer with that directly af-
ter implantation [5]. We can clearly see that plasma ox-
idation, although taking place at low temperature, is ex-
tremely effective in removing nitrogen from the formed
layer. Lower energy of nitrogen bonding with silicon than
that of oxygen bonding with silicon is a well known rea-
son for such an effect. However, this type of behavior has
been so far reported in the case of high-temperature oxida-
tion. In this work we have found evidence that this effect
is also true for plasma oxidation at 350°C. As it will be
shown below, some nitrogen remains in the oxide-silicon
system.

In the PECVD layer, in turn, the amount of bonded nitrogen
is significantly higher than implantation/oxidation layers —
the nitrogen peak is clearly visible (see Fig. 3).

A comparison of Ols spectra of both types of ultra-thin
silicon oxynitride layers is presented in Fig. 4. The concen-
tration of bonded oxygen in implantation/oxidation layers
is three times higher than in PECVD ones. These results

18000 4 ultrashallow ion
implantation
15 000 -
g
2. 12000
)
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3
2 9000
)
a
%}
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=
o
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Fig. 4. Comparison of Ols spectra of PECVD and implanta-
tion/oxidation layers.
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Fig. 5. Si2p line decomposition (PECVD sample, 500 mTr).
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will be discussed in more detail below using Figs. 6 and 7,
where chemical composition of both types of silicon oxyni-
tride is presented.

5000 .
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Fig. 6. Comparison of Si2p spectra of layers PECVD and im-
plantation/oxidation layers.

The obtained emission lines were analyzed using curve-
fitting procedure. An example of Si2p line deconvolution
for a PECVD layer is shown in the Fig. 5. Since every
single line may be attributed to a particular compound due
to its unique binding energy, chemical composition of each
layer may be determined.

The Si2p spectra of both types of ultra-thin silicon oxyni-
tride layers are compared in Fig. 6. Si2p spectra of implan-
tation/oxidation layers are characteristic for silicon dioxide
layers. Similar spectra of thermal silicon dioxide may be
found, e.g., in [6].

W W
[} W (=)
L L |

Thickness [A]
54
AR

— =
“w o un S
L L L L

300 mTr
B freesilicon H SiO, Si3N; [ SiO;N,,

500 mTr

Fig. 7. Comparison of chemical composition (obtained from XPS
spectra and expressed as thickness) of PECVD ultra-thin silicon
oxynitride layers.

Chemical composition (as determined from the Si2p line)
of PECVD and implantation/oxidation layers is shown in
Figs. 7 and 8, respectively. The influence of process pres-

32007

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY



Comparison of composition of ultra-thin silicon oxynitride layers’ fabricated by PECVD and ultrashallow rf plasma ion implantation

sure (300 mTr and 500 mTr) on the composition of PECVD
layers is illustrated in Fig. 7. It should be noted that al-
though SiO.N, and SizN4 phases are the dominant com-
pounds in the PECVD layer in both cases, increasing
process pressure results in significant increase of SiO.N,
only. The influence of nitrogen source (N, or NH3) on
the composition of implantation/oxidation layers is shown
in Fig. 8. As seen, oxygen is present in implanta-
tion/oxidation layers in the form of silicon dioxide, which
confirms the earlier conclusion that this type of oxynitride
is almost classical silicon dioxide.

Thickness [A]

N implantation
£ SiO,

NH3 implantation
SiON,

Fig. 8 Comparison of chemical composition (obtained from
XPS spectra and expressed as thickness) of implantation/oxidation
ultra-thin silicon oxynitride layers.

Comparison of Figs. 7 and 8 indicates that the composition
of PECVD layers is more complex than that of implanta-
tion/oxidation ones. Furthermore, the chemical composi-
tion of the implantation/oxidation layers is characteristic of
“classical” silicon dioxide.

The ULE-SIMS profiles of silicon, oxygen and nitrogen
within the PECVD layers are shown in Fig. 9. No signifi-
cant difference in the atomic profiles obtained from layers
formed under different process pressure is observed. More-
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Fig. 9. Comparison of composition profiles (obtained by ULE-
SIMS) of PECVD ultra-thin oxynitride layers.
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over, the maximum concentration of both oxygen and ni-
trogen in the layers is almost the same for both PECVD
conditions.
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Fig. 10. Comparison of composition profiles (obtained by ULE-
SIMS) of implantation/oxidation ultra-thin oxynitride layers.

Profoundly different conclusions may be drawn from
Fig. 10, which shows profiles of silicon, oxygen and ni-
trogen in implantation/oxidation layers. Different profiles
may be achieved depending on the source nitrogen ions.
Maximum concentration of both oxygen and nitrogen is
lower in oxynitride layers obtained by means of implanta-
tion from pure nitrogen plasma than in those formed using
ammonia source. When the concentration of nitrogen in the
bulk of the layer is taken into account, it becomes obvious
that ammonia source is more effective than pure nitrogen
source.
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Fig. 11. Comparison of nitrogen profiles (obtained by SIMS) in
oxynitride — silicon systems fabricated by means of PECVD and
implantation/oxidation.

A direct comparison of nitrogen profiles obtained from
PECVD and implantation/oxidation layers is shown
in Fig. 11. It should be noted that nitrogen pile-up is
observed at a certain depth in PECVD layers while the
highest nitrogen concentration in implantation/oxidation
is located near the dielectric-silicon interface. Moreover,
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the nitrogen content in PECVD layers is one order of mag-
nitude higher than implantation/oxidation layers. In the lit-
erature published so far it is commonly agreed that nitrogen
incorporation not exceeding a certain limit (~ 0.1 at. %)
at or near the Si channel interface improves device per-
formance, while higher amounts of N near this interface
make device properties deteriorate [7]. It is also known
that introduction of nitrogen near the dielectric/poly-Si in-
terface prevents boron penetration if the p™-poly-Si gate
is used [8]. Taking into account these findings and the
results presented in this paper, it can be concluded that
nitrogen profile may be engineered using a multi-stage
process combining PECVD and implantation/oxidation
steps. Moreover, unlike the approach of Mian and Flora [9],
who demonstrated a technique to engineer the nitrogen pro-
file in an ultra-thin oxide by changing the oxidation se-
quence in O, and N,O by RTP, low temperature processing
in the standard planar rf plasma reactor is compliant with
the requirement to keep silicon nanotechnology thermal
budget low.

4. Conclusions

In this paper differences in chemical composition of ultra-
thin silicon oxynitride layers fabricated in standard rf planar
reactor were studied.

The investigations carried out in this work showed that the
two investigated methods of ultra-thin silicon oxynitrides
fabrication result in completely different chemical compo-
sition.

The PECVD SiO,N, layer composition is more complex
than that of oxynitride formed by means of implanta-
tion/oxidation. Moreover, ultra-thin silicon oxynitride ob-
tained using the latter method is almost a “classical” silicon
dioxide (SiO;) which is proved not only by chemical com-
position but also by refractive index value.

The two studied methods result also in different nitrogen
profiles. In the PECVD oxynitride the highest concentra-
tion of nitrogen is located near the metal gate/dielectric
interface, while for the implantation/oxidation oxynitride —
at the dielectric/Si interface. These differences may be used
to our advantage in particular devices. Additionally, using
a multi-step process combining both methods, the required
nitrogen profile may be achieved. It should be remembered
that this variety of nitrogen profiles may be obtained using
very low temperature processes, which is of great impor-
tance to next generations of ULSI-CMOS technology.
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The role of fluorine-containing
ultra-thin layer in controlling boron
thermal diffusion into silicon

Malgorzata Kalisz, Romuald B. Beck, Adam Barcz, and Michat Cwil

Abstract—We have investigated the influence of silicon diox-
ide reactive ion etching (RIE) parameters on the composition
of the polymer layer that is formed during this process on top
of the etched layer, and finally, the role of this layer in high-
temperature thermal diffusion of boron into silicon. The poly-
meric layer formed on the etched surface appeared to consist
of fluorine and silicon fluoride (SiOF and SiF). Concentration
of these components changes depending on the parameters
of RIE process, i.e., rf power, gas pressure and etching time.
The composition of this polymeric layer affects, in turn, boron
thermal diffusion into silicon. With increasing rf power, the
depth of boron junction is increased, while increasing time of
etching process reduces boron diffusion into silicon.

Keywords— fluorine, reactive ion etching, silicon fluoride, boron
thermal diffusion, fluorocarbon plasma.

1. Introduction

When silicon dioxide or silicon are exposed to fluorocarbon
plasma (e.g., CF4) during reactive ion etching (RIE), an
ultra-thin polymer layer consisting of fluorine and silicon
fluoride (SiOF and SiF) is formed on the etched surface. In
fact, etching and polymer deposition take place in parallel
(e.g., [1, 2]). Itis reasonable to expect that concentration of
these components depends on the RIE process parameters,
e.g., rf power, gas pressure and etching time.

On the other hand, for the past few years, fluorine and its
chemical compounds have been investigated as a means to
reduce boron thermal diffusion into silicon.

In this work we try to find correlations between the parame-
ters of RIE applied to silicon dioxide, the chemical compo-
sition of the polymer layer and the rate of high-temperature
boron diffusion into silicon through that polymer layer.

2. Experiment

N-type, phosphorus-doped (100)-oriented silicon wafers
with resistivity of 4-10 Qcm were cleaned using standard
procedures prior to oxidation. After that 150 A thick ther-
mal oxide was formed.

In the next step, this oxide layer was etched off at constant
room temperature by RIE in CF4 (50 sccm) under various
process conditions: rf power, gas pressure and etching time.
Boron thermal diffusion was studied afterwards at two tem-
peratures: 1000°C and 1100°C. The matrix of experiments
is shown in Table 1.
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The chemical composition of the thin polymer layer,
formed on the etched surface of silicon dioxide during RIE
in fluorocarbon plasma, has been evaluated by ultra-low-
energy secondary ion mass spectrometry (ULE-SIMS). El-
lipsometry was used to obtain the thickness of this layer.

Table 1
The matrix of experiments
. | RIE parameters Diffusion parameters
Experi- — -

Time | Power | Pressure | Temperature | Time
NS | min] | (W] | [mT] °C] | [min]

1 1 80 200 1100 30

2 2 80 200 1100 30

3 7 80 200 1100 30

4 10 80 200 1100 30

5 10 120 200 1100 30

6 10 180 200 1100 30

7 2 80 200 1000 30

8 7 80 200 1000 30

9 10 80 200 1000 30

10 10 80 100 1000 30

11 10 180 200 1000 30

The depth of boron diffusion into silicon was determined
by grooving and staining. Boron profiles in samples 1 to 6
were measured by means of high-energy secondary ion
mass spectrometry.

3. Results and discussion

It has already been established (e.g., [1, 2]) that an ultra-
thin polymer layer is formed on the etched surface of sili-
con dioxide or silicon during RIE process in fluorocarbon
plasma. Surface chemical reactions during RIE process,
depending on the etching process parameters, are respon-
sible for this situation.

When SiO, surface is irradiated with CF4 atoms, free fluo-
rine ions penetrate the bulk of the oxide, displace atoms
in dangling bonds and form new compounds like SiOF
or SiF. Fluorine is accumulating in the polymer layer as
free ions, too [3]. Da Zhang observed that during oxide
etching the bombarding fluorine ions break O-Si-O bounds.

25



Malgorzata Kalisz, Romuald B. Beck, Adam Barcz, and Michat Cwil

Dangling and unsaturated Si-O and Si bonds are formed
on the surface. As a result of free fluorine ions react-
ing with broken bonds, SiOF and SiF species appear on
the surface as chemical components of the polymer layer

formed [3].
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Fig. 1. Profiles of chemical components of the polymer layer

(determined by ULE-SIMS) for two samples: (a) CF4 = 50 sccm,
p =200 mTr, P =80 W, r =2 min; (b) CF4 = 50 sccm, p =
200 mTr, P =80 W, t =7 min.

The results of ULE-SIMS obtained for two samples are pre-
sented in Fig. 1. It is clear that the surface of the silicon
substrate is covered by a layer containing SiO;, SiOF and
SiF species with the thickness of a few nanometers. The
chemical composition of this polymer layer has been mea-
sured by ULE-SIMS, which yields relative concentrations
of chemical components only.

The SiOF concentration in ultra-thin polymer layer is
constant with increasing etching time (compare Fig. 1 or
see Fig. 2¢) and is increased very strongly with increasing
rf power and gas pressure (Fig. 2a and 2b).

The fluorine concentration in polymer layer is varying with
RIE process parameters too, but in a different way. Fluorine
concentration increases only with increasing etching time
(compare Fig. 1 or see Fig. 2c).
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Fig. 2. Concentration of SiOF and F in the polymer layer formed
on etched surface during RIE of silicon dioxide: (a) at constant
etching time of 2 min, gas pressure of 200 mTr and rf power
varying between 80 W and 120 W; (b) at constant rf power
of 80 W, etching time of 2 min and gas pressure varying be-
tween 100 mTr and 200 mTr; (c) at constant rf power of 80 W,
gas pressure of 200 mTr and etching time varying between 2 min
and 10 min.

Figure 1 indicates that SiF concentration changes similarly
to fluorine concentration. The amount of SiF in the layer
increases with increasing etching time. For a short etching
time (I min or 2 min) and low rf power (80 W), SiOF
concentration in the polymer layer is higher than that of
SiF (see Fig. la). This may be due to the fact that many
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more broken Si-O bonds exist at the etched surface than
Si bonds.

This situation changes with increased etching time (7 min
or 10 min). In this case, the concentration of SiF in the
polymer layer increases, and is higher than the concentra-
tion of SiOF (see Fig. 1b). This is probably caused by
reduced density of broken Si-O bonds and increased den-
sity of dangling and unsaturated Si and SiF bonds. Reduc-
tion of broken Si-O bond density is obtained at a certain
moment, when the whole SiO, layer is already etched off
and silicon etching begins. Free fluorine ions react then
with broken Si bonds of the silicon substrate and form
SiF species.

On the other hand, variation of rf power (from 80 W
to 120 W — for longer etching time — 10 min) makes
SiOF concentration increase (see Fig. 2a). This is prob-
ably due to high concentration of Si-F bounds existing at
the etched surface for higher rf power. As it has already
been established in [3] SiF species does not have preferable
energetic structure. Therefore, exposing the sample to the
air causes spontaneous reaction of this species with free
oxygen, both from air and SiOF species, the energetic struc-
ture of which is much more stable [3]. Consequently, an
increase of SiOF concentration is observed in the polymer
layer.

As it can be seen in Table 2, the thickness of polymer
layer depends on RIE process parameters. As expected,
the thickness decreases with increasing etching time, while

Table 2
The relationship between SiOF layer thickness
and RIE process parameters

Experi- - RIE parameters Polymer layer
Time | Power | Gas pressure . o

ments [min] W] [mTi] thickness [A]

1 1 80 200 98

2 2 80 200 50

3 7 80 200 24

4 10 80 200 4

5 10 120 200 8

6 10 180 200 12

increasing rf power makes it increase. The effects described
by Da Zhang in [3] are probably responsible for these re-
sults. Da Zhang observed that the deposited polymer is
simultaneously etched off by oxygen released from bro-
ken Si-O bonds during silicon dioxide etching. Free oxy-
gen diffusses through silicon dioxide to the interface and
etches the deposited polymeric layer from underside. This
is why the layer formed on the etched surface is very thin
(about 4 A) [3]. Deposition and etching of the polymer
layer take place in parallel.

As we can see in Table 2, with increasing rf power (from
80 W to 120 W) the thickness of the polymer layer in-
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creases from 4 A to 10 A — 12 A. This is probably due to
spontaneous oxidation of unsaturated bonds that replaced
etching of the deposited polymer by oxygen (as described
by Da Zhang in [3]).

F/SiOF concentration ratio decreases with increasing values
of rf power or process pressure and increases with increas-
ing time of etching (see Fig. 2).

In Fig. 3 boron profiles (obtained from SIMS measure-
ments) resulting from thermal diffusion at 1000°C and

2
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Fig. 3.
time.

Boron profiles for different: (a) rf power; (b) etching

1100°C are presented. For the sake of clarity, the refer-
ence profile of a sample not exposed to any RIE pro-
cess is also shown. It is visible that both, the junction
depth and the whole dopant profile, depend on the param-
eters of RIE.

If we compare all the obtained results, i.e., polymer layer
composition, polymer layer thickness and the depth of
boron thermal diffusion with RIE parameters, the depen-
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dence of boron junction depth on the rf plasma power used
during RIE is simple. The higher the rf power, the deeper
the junction (Fig. 3a). It is, however, surprising to see
the reference profile between these obtained at 80 W and
120 W of rf power. Surface modification during RIE pro-
cess could possibly explain this result.

There is a significant difference between the reference
samples and those that underwent RIE of thermal oxide.
The silicon surface of the former ones is clean, while the
latter ones the polymer layer on top of silicon. This layer
obviously creates an additional barrier for boron thermal
diffusion. Its thickness depends on RIE parameters, as has
already been discussed above.

Intuitively one would expect that boron junction to deepen
with thinner polymer layers. The results obtained at differ-
ent rf power demonstrate that this simple relation does not
hold true (see Fig. 3).

Our results show that boron thermal diffusion depends on
the chemical composition of the polymer layer. Thinner
layers, formed at low rf power, happen to have low SiOF
concentration and high concentration of F species (Fig. 1b).
As we know from [4] high concentration of F may reduce
boron diffusion into silicon. This is probably why we get
shallower junctions for thinner layers with high concentra-
tion of fluorine (compare Figs. 1b and 3a). In thicker lay-
ers the situation is opposite. High concentration of SiOF,
obtained in polymer layers formed at high rf power, ac-
celerates boron diffusion into silicon [5], therefore we get
deeper junctions.

As we can see in Fig. 3b, with increasing time of etching,
the depth of boron diffusion is decreased. Also in this
case the reference profile is placed between these for short
(1 min and 2 min) and long (7 min and 10 min) etching
times. The hypothesis relating the boron profile depth to
the composition of the layer may also be used in this case.
For longer times of etchnig the concentration of SiOF in
the polymer layer was lower and the concentration of SiF
and F was higher (Fig. 1). Therefore, for short times of
etching (1 min and 2 min), the depth of boron junction is
higher than for clean silicon, and for long times of etching
(7 min and 10 min), the depth of boron junction is lower
than for clean silicon (see Fig. 3b).

A comparison of the obtained results indicates that boron
profile depth depends on the relative concentration of SiOF
and F in the polymer layer.

High F/SiOF concentration ratios slow down boron ther-
mal diffusion into silicon and shallower junction is
formed (Fig. 2). It seems reasonable to conclude that
SiOF increases the diffusion rate, while F reduces it.

4. Conclusion

In this study, the influence of RIE parameters on the chem-
ical components of polymer layer and depth of boron ther-
mal diffusion was investigated. The obtained results show

28

that the chemical composition of the polymer layer depends
on RIE parameters and this, in turn, affects the depth of
boron diffusion.

It is visible that RIE parameters determine the thickness
and chemical composition of the polymer layer and the
depth of boron diffusion into silicon. From the obtained
results it becomes clear that the depth of boron thermal
diffusion does not depend on the thickness of the poly-
meric layer formed on the silicon surface during RIE pro-
cess in fluorocarbon plasma, but on its chemical com-
position. Each of polymer layer chemical components
plays a different role during thermal diffusion of boron
into silicon. SiOF accelerates boron diffusion into sili-
con, while SiF and F slow it down. The final conclusion is
that RIE parameters determine the depth of boron thermal
diffusion.
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Oxidation Kkinetics

of silicon strained by silicon germanium

Jarostaw Grabowski and Romuald B. Beck

Abstract—This paper reports on the studies of oxidation ki-
netics of silicon strained by silicon germanium layers. Experi-
mental results of natural, chemical and thermal oxide forma-
tion are presented. The oxidation rates of silicon strained by
SiGe layers have been compared with the rates of pure Si ox-
idation. The oxidation kinetics was studied using the parallel
model proposed by Beck and Majkusiak. This model was fit-
ted with good result to the obtained experimental data and
the parameter that is most probably responsible for the strain
effect was identified, as well as its dependence on Ge content
in the SiGe layer.

Keywords—oxidation, kinetics, modeling, silicon, silicon germa-
nium.

1. Introduction

Constant increase of speed in every IC generation is an ob-
vious trend in the development of microelectronics. So far
it has been achieved mostly by continuous down-scaling of
devices over the years. Using silicon germanium is another
way to reach this goal (e.g., [1, 2]). A thin, relaxed layer
of SiGe alloy can induce enough strain in a silicon cap
to improve carrier mobility (e.g., [3]). However, introduc-
tion of any new material into IC production requires that
both, processing and its successful integration, have to be
ensured.

This paper covers selected types of strained Si oxidation,
namely natural, chemical and thermal oxidation.

2. Experimental and results

In our experiments, samples containing silicon substrate
covered with relaxed SiGe buffer (with varied Ge content)
and topped with Si cap were used. The samples were fab-
ricated at the University of Warwick by means of either

Table 1
Results of natural and chemical oxide thickness
measurements
Fabrication SiGe Gf? Nati.ve oxide Cherqical oxide
thickness | fraction | thickness thickness

method 1 om] | (%] | [om o)
Si ref. - - 1.7 2.0
LPCVD 7 5 1.5 2.0
LPCVD 7 10 1.5 1.9
LPCVD 7 20 1.5 1.9
LPCVD 7 30 1.6 1.9
MBE 18 14 2.0 8.4
MBE 19 13 4.2 -
30

molecular beam epitaxy (MBE) or low pressure chemical
vapor deposition (LPCVD). We used J. A. Woolam spec-
troscopic ellipsometer to investigate the thickness of every
oxide.

In the first part of the study the thickness of natural ox-
ide grown spontaneously on the silicon cap strained by the
underlying SiGe buffer was measured using spectroscopic
ellipsometry. In chemical-oxidation experiments (second
stage) we used SC1 mixture (H,O-NH4OH-H,O, 5:1:1).
Samples were kept in this mixture for 10 min at 90°C.
The obtained results (natural oxide and chemical experi-
ment) are presented in Table 1.
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Fig. 1. Dependence of the kinetics of thermal oxidation at:
(a) 800°C and (b) 900°C on Ge fraction in the SiGe layer (dots —
experiment, lines — model).
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In the third stage of this study, thermal oxidation ex-
periments were performed at two different temperatures
(800°C and 900°C) in dry oxygen with 0.25 1/min oxygen
flow. Figure 1 shows the thickness (measured by means of
ellipsometry) of thermal oxides grown at 800°C and 900°C,
respectively.

The parallel model proposed by Beck and Majkusiak (B-M)
and presented schematically in Fig. 2 has already been used

O fl;
— Oxygen flux

[ 2
Oxygen | Oxide | Silicon

Electrons flux 2

Tons flux

Electrons flux 1

Beck-Majkusiak path

Fig. 2. Oxidation kinetics model proposed by Beck and Majku-
siak.

to model thermal oxidation kinetics (e.g., [4-7]). Accord-
ing to this model oxidation species are supplied to the re-
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Fig. 3. Values of W) providing good fitting of the B-M model
to the experimental data obtained from samples with different Ge
fraction in the SiGe layer.
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action site by two parallel paths. The first one is described
by the traditional 3-parameter Deal-Groove model [8]. The
other, parallel path is the flow of oxygen ions. This flux
is controlled by electrochemical effects (balance of oxygen
ions flow to the reaction sites and electrons supply to the
surface) and is described by seven additional parameters.
The B-M model was fitted to all the experimental data ob-
tained in this study (Fig. 1) and all of its parameters were
determined. It appears that only one of these model pa-
rameters is critical for good fitting of the B-M model to
the data obtained from samples with different Ge concen-
tration in SiGe buffer. This parameter is the initial potential
barrier height (W;) for the flux of ions entering the oxide
(see Fig. 2).

Figure 3 shows the values of the initial potential barrier
height (W) that provide a good fit of the B-M model to the
experimental data as a function of Ge concentration in the
SiGe buffer for both studied temperatures. When Ge con-
centration and strain level in the silicon cap increase, the
height of the initial potential barrier W; increases consis-
tently for both temperatures.

3. Discussion

Significant differences in the natural and chemical oxide
thickness are visible between MBE and LPCVD samples.
This indicates that the method used for SiGe formation
might have critical influence on its chemical and physi-
cal properties. Natural and chemical oxide thickness of
LPCVD samples is almost independent of Ge concentration
in the SIGe buffer. Very weak decrease of oxide thickness
is observed with increasing Ge concentration. Relatively
high oxide thickness of MBE samples might result from
the strain induced in the silicon caps leading to higher ox-
idation rates.

In the case of LPCVD samples the results obtained in the
course of thermal oxidation were similar to natural and
chemical experiments. They show that strained silicon lay-
ers oxidize even more slowly than the reference Si wafers.
It can be seen that when the strain increases (through the
increase in Ge concentration in the SiGe layer), oxidation
rate becomes lower.

In the B-M model, the initial potential barrier height (W) is
the parameter responsible for the description of oxygen ions
entering into the growing oxide. Therefore, a change of its
value may mean a change of the growing oxide surface
conditions (e.g., surface contamination). While the reasons
for this effect are not clear, at least two hypotheses may be
proposed.

First, germanium atoms may migrate from silicon germa-
nium into the strained silicon cap and contaminate it. After
oxidation these atoms may contaminate the newly formed
oxide layer. The contamination of silicon to be oxidized
also changes the conditions of the oxidation process (chem-
ical reaction rate). The resulting changes in the oxidation
rate may compete with the results of strain in the cap.
Moreover, germanium outdiffusion from the SiGe layer
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(due to high temperature during oxidation) tends to relax
the strain in the cap. In such conditions the expected de-
pendence of the oxidation rate on germanium concentration
in SiGe should become weaker with increasing oxidation
time. In fact this hypothesis seems to be confirmed by
recent studies carried at the University of Warwick.
Second, it is possible that the B-M model is not suitable
for strained samples. This would mean that good fitting of
the B-M model to the oxidation kinetics affected by changes
in Ge concentration in SiGe layer is merely a coincidence
and that a parameter (or parameters) other than W is re-
ally responsible for this effect. It should be mentioned,
however, that the values of W are in all cases physically
meaningful and reasonable for the energy diagram assumed
in the model, which would suggest that this hypothesis is
less probable than the previous one.

4. Conclusions and summary

The presented results demonstrate that MBE samples ex-
hibit higher oxidation rate than LPCVD ones in the case of
natural and chemical oxidation experiments.

Oxidation rate of LPCVD samples is lower than that of
reference Si wafers. It seems also that natural and chemical
oxide thickness of LPCVD samples does not depend on Ge
concentration in SiGe.

Thermal oxidation experiments (in the initial oxidation
phase) show that increasing Ge concentration in the SiGe
layer leads to lower oxidation rates for LPCVD samples.

The B-M model was used to study thermal oxidation kinet-
ics. In this model only one parameter responsible for the
observed changes in the oxidation kinetics was found. Al-
though two different hypotheses explaining the correlation
between this parameter and the observed strain effects were
proposed, the recent study carried out at the University of
Warwick seem to support only the first one.
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Influence of the deposition

process parameters on electronic properties
of BN films obtained by means of RF PACVD

Piotr Firek, Aleksander Werbowy, Jan Szmidt, and Norbert Kwietniewski

Abstract—This work presents results of investigations of elec-
tronic properties of undoped boron nitride (BN) films pro-
duced on Si substrates in the course of radio frequency (rf)
PACVD process with boron triethyl (C,Hs)3B as the boron
source. The influence of the deposition process parameters
on thickness and electronic properties (resistivity p, dielec-
tric strength Epg) of BN films based on ellipsometry and
1I-V curve measurements at room temperature is studied. The
obtained results show that proper selection of deposition pro-
cess parameters allows BN layers with the required thick-
ness and advantageous values of p and Egg to be fabricated.
BN becomes therefore an interesting material for microelec-
tronics applications.

Keywords— I1I-nitrides, thin BN films, electronic properties,
RF PACVD.

1. Introduction

Dynamic development of microelectronics creates an in-
creased demand for new materials. New areas of appli-
cation emerge, where typical semiconductor devices run
a risk of high-temperature and/or high power emission.
Unfortunately, classic silicon-based devices are not capa-
ble of working in such operation regimes. One of the po-
tential ways to overcome this problem is to develop fab-
rication technologies and applications involving the use of
wide band-gap materials like diamond or III-group nitrides
(GaN, AIN and in particular BN).

Cubic boron nitride (c-BN) with its unique properties, such
as wide band gap (6.4 eV), chemical inertness, good ther-
mal stability and thermal conductivity (~1300 W/mK), is
considered a prospective material for electronic applica-
tions in high-temperature and high-power electronics, par-
ticularly in combination with other wide band-gap materi-
als [1, 2]. It is worth to emphasize that the expected work-
ing temperature of BN-based devices can reach even up
to 900°C! [2].

2. Experimental details

Boron nitride films were produced on p-type Si ((100),
p = 6 —8 Qcm) substrates using radio frequency plasma
assisted chemical vapor deposition (RF PACVD)
method [3-5]. Layers were synthesized from boron
triethyl (C,Hs)3B vapors carried by nitrogen N,. Then
circular, aluminum (Al) electrodes (diameter = 1 mm, gate
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area = 7.85-1073 cm?) were evaporated on the top of the
deposited layers. As a result metal-insulator-semiconductor
(MIS) structures with BN thin films acting as the insulator
were fabricated.

Table 1
Process parameters of RF PACVD deposition
Parameters Voltage | Time N, ﬂ0\fv (C,Hs5)3B flow
V] [s] | [em?/min] [a.u.]
Value 1 70 30 10 200
Value 2 105 60 20 250
Value 3 140 90 30 300
Table 2
Thickness of the deposited BN layers
Thickness
Pro- | Voltage | Time | N flow |(C,Hs)3B | x/(x+i-period);
cess| [V] [s] |[cm?/min] flow i=1,273...
[a.u.] [A]
1 70 30 10 200 391/2579
2 70 60 20 250 177072540
3 70 90 30 300 111/1567
4 105 30 20 300 2220/2568
5 105 60 30 200 513/2514
6 105 90 10 250 985/2538
7 140 30 30 250 1039/2455
8 140 60 10 300 1515/2506
9 140 90 20 200 47412524
1% |70 30 10 200 633/2532

Deposition parameters subsequently used in the Taguchi-
based process analysis method [6] are presented in Table 1,
whereas the results of BN film thickness measurements are
collected in Table 2.

3. Results

Applying Taguchi’s method allowed the influence of in-
put process parameters (self-bias potential, deposition time,
flow rates of reactant vapors N, and (C,Hs)3B) on its out-
put parameters — in this case thickness x, resistivity p and
critical electric breakdown field Epg (being the measure of
dielectric strength) of deposited BN layers to be analyzed.
The dependence of the film thickness on process parameters
is illustrated in Fig. 1.
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Fig. 1. Influence of the: (a) self-bias potential; (b) deposition time; c) N, flow rate; (d) (CoHs)3B flow rate on thickness of BN layers.
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Fig. 3.
breakdown field of BN layers.

The obtained results show clearly that increasing deposition
time results in thicker layers. The same is also observed
when boron triethyl flow rate increases. On the other hand,
the correlation between film thickness and self-bias poten-
tial, as well as nitrogen flow rate is more complicated. It
suggests the presence of opposing phenomena during BN
layer formation and needs further investigation.

Electrical characterization (current-voltage (/-V)) measure-
ments) of the fabricated MIS structures was performed to
extract the resistivity p and critical electric breakdown
field Epg of BN layers. In order to determine the influ-
ence of the deposition process parameters on p and Epg
Taguchi’s method was used again. The results are shown
in Figs. 2 and 3.

As seen in Fig. 2, increasing self-bias potential (i.e., sup-
plied power) leads to a decrease of the resistivity of BN
layers. The opposite trend is observed in the case of boron
triethyl flow rate growth.

As far as the dependence of deposition time on resistivity
is concerned, the initial low value of this parameter might
be attributed to the fact that for short growth times (there-
fore for thinner films) one has weaker control over the syn-
thesis process, which usually results in inferior values of
resistivity.

Obviously the nitrogen flow rate affects chemical composi-
tion of the layer and thus its parameters. At the same time
nitrogen flow rate exerts influence on the pressure under
which the coating is formed. The obtained results suggest
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Influence of the: (a) self-bias potential; (b) deposition time; c¢) N, flow rate; (d) (CoHs)3B flow rate on critical electric

however that higher resistivity is obtained when N, flow
rate is increased to 30 cm®/min.

In the case of the dielectric strength of BN films (Fig. 3) the
character of its dependence on the deposition process pa-
rameters is more complicated as the obtained curves are not
monotonic, showing minima or maxima instead. Neverthe-
less it can be seen that a certain set of process parameters
(self-bias potential — 140 V, N, flow rate — 20 cm?/min,
boron triethyl flow rate — 300 arbitrary units) results in the
highest value of critical electric breakdown field. On the
other hand, Fig. 2 shows that p will not reach the required
highest level with this combination of parameters. This
indicates that it is necessary to find a trade-off between
these parameters. Taking into account both resistivity and
dielectric strength it appears that the best results are ob-
tained with the following process parameters: self-bias po-
tential — 70 V (substantial gain of with relatively small
EBR loss), N, flow 30 cm?/min (in spite of a slight drop
of the dielectric strength, the resistivity increases almost
twice). For the same reason using the maximum (300 ar-
bitrary units) boron triethyl flow rate is the most advanta-
geous.

4. Conclusions

The obtained results show that it is possible to achieve
good electrophysical parameters of BN layers grown by
means of RF PACVD. The method is relatively inexpensive
and does not require substrate heating. Proper selection
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of process parameters allows the quality of the fabricated
films to be controlled, although further efforts (in particu-
lar involving the use of more advanced Taguchi procedures)
towards process optimization are required.
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Correlation between electric

parameters of carbon layers
and their capacity for field emission

Ryszard Gronau, Jan Szmidt, and Elzbieta Czerwosz

Abstract— The aim of this work is to study a possibility of
field electron emission from carbon layers produced by ra-
dio frequency plasma chemical vapor deposition (RF PCVD)
method. A correlation between electric parameters of the lay-
ers and the ability to produce electron emission is also studied
through material (AFM) and electrical (C-V, I-V) character-
ization of the obtained layers. It is demonstrated that the
layers deposited with the highest self-bias exhibit the highest
capacity for electron emission.

Keywords— carbon layers, diamond-like carbon (DLC), field
emission, RF PCVD, AFM, capacitance-voltage (C-V), current-
voltage (I-V).

1. Introduction

The phenomenon of the electron cold emission has been
extensively investigated recently. A number of applications
based on this effect may be found in microelectronics, biol-
ogy, chemistry and medicine. While technologies of emitter
fabrication have been developed for production purposes,
they are expensive and complicated. Therefore many labo-
ratories are interested in new and competitive methods and
materials suitable for field electron emitters. Carbon layers
produced with radio frequency chemical vapor deposition
(RF CVD) method seem to be very promising as a field
emitting material.

2. Experimental details and results

The deposition processes were carried out on p-type silicon
< 100 > substrates (5 —7 Qcm resistivity). Carbon layers
deposition process parameters are shown in Table 1.

Table 1
Parameters of carbon film deposition

Self-bias voltage | Pressure | Time | Flow of gases
Sample . .
V] [Pa] | [min] | CH4/Ar [ml/min]
Z1 350 41.1 10 20/5
Z2 280 41.1 10 20/5
Z3 250 41.1 10 20/5

The electronic properties of carbon layers were calcu-
lated from the results of metal-insulator-semiconductor
(MIS) capacitor high-frequency capacitance-voltage (C-V)
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and current-voltage (I-V) measurements. The carbon layers
played the role of gate insulator in the investigated MIS
structures.
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Fig. 1. AFM image of carbon layer surface after deposition,
sample Z3.
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The surfaces of carbon layers was investigated with atomic
force microscope (AFM) (Fig. 1). The field emission
was measured under the following conditions: voltage
ranging from 0 to 4 kV, distance between electrodes in
the range of 0 — 1 mm and chamber pressure of 1 mPa.
The results of emission current measurements are shown
in Fig. 2.

3. Discussion and conclusions

Sample Z3 exhibits the highest capacity for field emission.
Sample Z2 on the other hand has better electrical parame-
ters and higher breakdown voltage than other samples. The
results indicate that carbon layer of sample Z3 has higher
content of graphite phase and less ordered carbon struc-
ture. The sample has higher capacity for field emission
of electrons, but its breakdown voltage is low (Table 2).

Table 2
Electrical parameters of MIS Al/C/Si/Al capacitors

Parameters | Sample Z1 | Sample Z2 | Sample Z3
Thickness of 2610 2380 2300
carbon layer
[A]

Urp [V] 0.26 0.48 6.9
Uusp [V] —4.6 —1.55 —2.13
Oerr —4.600-107%|—4.572-1078|-1.312- 1077

[C-cm™2]

Dy, 6.71-102 | 7.42-10'" | 1.63-10'

The literature reveals the two major factors supporting field
emission from carbon layers: irregularity of the surface and
profusion of sp? phase in layer [1, 2]. The surface of de-
posited carbon layers is smooth (Fig. 1), therefore we be-
lieve that a better field emissivity from sample Z3 is caused
by amorphous structure and profusion of sp? phase in the
layer, rather than by irregularity of the surface or nanocrys-
talline diamond (NCD) forms. While the electrical quality
of the layers is poor, our experiment has shown that they
could be applicable in micro and nanoelectronics structures
and devices.
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Investigations of electron

emission from DLC thin films
deposited by means of RF PCVD
at various self-bias voltages

Dagmara Jarzynska, Zbigniew Znamirowski, Marian Ctapa, and Elzbieta Staryga

Abstract— The aim of this paper is to report the results of field
emission experiments on undoped, flat diamond-like carbon
(DLC) thin films deposited at various self-bias voltages using
radio frequency plasma chemical vapor deposition (RF PCVD)
technique. It has been observed that the emission properties
improve when the absolute value of self-bias voltage becomes
higher, e.g., the turn-on field value decreases. The correlation
between electron field emission and sp? content in these films
showed improvement of electron emission properties of DLC
films for higher amount of sp? phase.

Keywords— DLC, RF PCVD, Raman spectroscopy, turn-on
field, electron emission, effective work function.

1. Introduction

Carbon-based materials grown by chemical vapor deposi-
tion (CVD) technique, which contain both diamond and
non-diamond components, have been shown to have excel-
lent field emission properties. It is supposed that the sig-
nificant electron emission from diamond-like carbon (DLC)
films may be caused by low positive or even negative elec-
tron affinity (NEA) [1-4]. Diamond-like carbon films are
also known to have a high ratio of tetrahedral C-C sp’
bonds to trigonal C-C sp”> bonds. As a result, they have
extreme physical hardness, high resistance and good ad-
hesion to various substrates. The DLC coatings are also
chemically inert. These properties make DLC a useful ma-
terial for a wide variety of applications, especially as the
material for field emitters.

In this paper, we present the results of investigation of
electron emission properties of flat diamond-like carbon
films synthesized by radio frequency plasma chemical va-
por deposition (RF PCVD) method at various self-bias volt-
ages. We estimated the influence of the structure of carbon
films on the field emission. We also considered the role of
the sp? bonds in electron emission effect.

In order to understand the role of the graphite content in
diamond-like carbon films, the Raman spectroscopy (RS)
was used. The scanning electron microscopy (SEM) was
used to examine the surface microstructure of investigated
carbon layers.
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2. Experimental

Diamond-like carbon films were manufactured by RF
PCVD, 13.56 MHz, process using methane as a carbon
precursor. The coating deposition took place with the ap-
plied negative self-bias voltage of cathode from —60 V
to —300 V. The gas pressure in the reactor chamber was
about 26 Pa. As the substrate for DLC coatings, n-type flat
silicon wafers (< 0.002 Qcm) were used. The thickness of
DLC films was less than 100 nm.

Figure 1 shows the image of typical surface morphology
of examined carbon films. The amorphous DLC films had
smooth, uniform surfaces which did not show any micro-
crystalline features. Both the SEM micrographs and Ra-
man spectra proved that the investigated films were typical
diamond-like layers of good quality having no detectable
mechanical imperfections.

HV: 25.0 kV
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Fig. 1. The SEM micrograph of the smooth surface of a DLC
film deposited on a flat silicon substrate by means of RF PCVD.

The structure of DLC films was evaluated using Ra-
man spectroscopy. The Raman spectra were recorded at
room temperature in back scattering geometry using Jobin-
Yvon T64000 Raman micro-spectrometer. The instrument
was equipped with a microscope whose focal spot diam-
eter was ~ 1.5 um and 514.5 nm line from Argon laser

39



Dagmara Jarzynska, Zbigniew Znamirowski, Marian Clapa, and Elzbieta Staryga

was used for excitation. The spectral resolution was set
below 2 cm™!.

Scanning electron microscopy (SEM, Hitachi S 3000 N)
examination was carried out before and after emission cur-
rent measurements to bring out the state of surface mor-
phology.

The emissive characteristics of the samples were measured
in oil-free vacuum of the order of 10~ Pa using diode con-
figuration. The stainless-steel ball anode with the diameter
of 5 mm was placed at a distance of ~ 15 um from the cath-
ode surface. The voltage in the range from 50 V to 2500 V
was applied between the electrodes during the emission
measurements. The electron field emission properties were
analyzed using the Fowler-Nordheim (F-N) theory [5].

3. Results and discussion

The electron emission characteristics were taken for DLC
films deposited on flat n-type Si substrates. The depen-
dence of the emission current (/) on the applied electrical
field (E) for the DLC films deposited at voltages —60 V,
—120 V and —300 V is shown in Fig. 2.
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Fig. 2. Emission current / versus electric field E for DLC films
deposited onto flat n-type Si substrates at various negative self-
bias voltages (Vsp).

It can be seen that DLC_gov characteristics differ signif-
icantly from those of DLC films deposited at higher self-
bias voltages. In the range about 50 V/um— 180 V/um
the emission current for DLC_goy was very low in com-
parison with DLC_ 59y and DLC_3( v, for which the val-
ues of emission currents were several orders of magnitude
higher. These results indicate that DLC films deposited
at high self-bias voltages should have better field emission
properties. The recorded /-E data of DLC specimens were
used to generate F-N plots shown in Fig. 3.

The results of electron emission were analyzed using the
F-N model. If the electron emission is controlled by the
tunneling mechanism, the F-N plot: In (I/E?) versus 1/E
presents almost straight line with negative slope giving

40

reliable test of emission mechanism. Field emission prop-
erties were characterized by the parameters such as turn-on
field and effective work function. The turn-on field indi-
cates the beginning of the cold electron emission current,
i.e., the state when the emission, with increasing elec-
tric field, begins to overwhelm the thermionic emission
current and leakage currents. The turn-on field was de-
fined by the intersection of two straight lines extrapolated
from the low-voltage (thermionic and leakage currents) seg-
ment, and high-voltage (cold emission current) segment of
the F-N plots (Fig. 3) [6].
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Fig. 3. The I-E data in the F-N system.

The effective work function ¢, can be deduced from the
F-N plots in cold emission region (Fig. 4) where its slope
is in proportion to the ratio of the work function ¢ and
field enhancement factor B2/ =0/ B33).
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Fig. 4. The F-N plot of cold electron emission current for DLC
films deposited with Vgg = —120 V and Vsp = —300 V.

We assume that for such flat and smooth surfaces as inves-
tigated DLC films the field enhancement factor 8 is equal
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to one. As it is seen in Fig. 3, the DLC_gg vy film does not
show any field emission of electrons in the testing range of
electric field. Table 1 collects the emissive parameters for
the investigated samples. As we can see in Table 1 the val-
ues of emissive parameters for DLC_j50y and DLC_3p9 v
coatings do not vary significantly.

Table 1

The turn-on field and the effective work function
for the investigated films

Negative Effective
Type . Turn-on
. self-bias work
Sample of silicon field E;_,, .
substrate voltage [V/um] function
Vsp [V] [eV]
DLC_gov n-type, —60 - -
DLC_pgv|flat substrate| —120 50 0.246
DLC_30v —300 42 0.257

The values of the effective work function seem to be too low
if we take into account the gap width of DLC films (between
1 eV and 3 eV usually). This may be due to the assump-
tion B = 1, which may be unjustified for DLC films with
non-homogeneous conduction. The emission turn-on field
for the sample DLC_3ggv is slightly lowers than the value
E;_ o for the sample DLC_ 5o y. Although the turn-on field
values for those samples were close, the electron emission
from DLC_309y sample was more efficient process, as it
is shown in Fig. 2. The emission current (6 - 10712 A) for
DLC_jyv film was three orders of magnitude smaller in
comparison with DLC_3p9y sample one (2-10~° A) for
the same electric field 50 V/um.

The mechanism of electron emission from DLC films is
still not clear, but the obtained results may indicate that
at higher self-bias voltages the increasing amount of sp?
phase improves the electron emission properties.

As Cui et al. [7] reported the graphite phase is a necessary
requirement for electron emission, because it provides the
emission sites. One should remember that results of many
previous investigations showed that the electrical conduc-
tivity of DLC films is much higher than the conductivity
of polycrystalline diamond films [8, 9]. It may be sug-
gested that cold field emission from various carbon struc-
tures can be enhanced by a system of better conducting
micro-channels related to sp? phase [10]. The structural
investigations of DLC samples prove that the amount of
sp” phase increases with increasing value of the self-bias
voltage [8], which confirms the influence of sp?> phase on
field emission properties of DLC films.

In order to identify diamond and graphite phases in the
investigated carbon layers, Raman spectroscopy was used.
The Raman spectra of diamond-like carbon films deposited
at various bias voltages are shown in Fig. 5. An asymmet-
ric Raman spectrum composed of the graphitic band (G)
at about 1550 cm~! and the disorder band (D) between
1200 cm~! and 1360 cm™! was obtained for each inves-
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tigated DLC film. Those spectra are typical for this kind
of material and confirm the amorphous structure of these
layers.
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Fig. 5. Typical Raman spectra of DLC films obtained at Vsp =
—60 V (curve 1), Vgg = —120 V (curve 2) and at Vgg = —300 V
(curve 3).

The Raman results indicated that the structure of DLC film
deposited in high self-bias voltage (e.g., —300 V) differ
slightly from the structure of the layer obtained at lower
negative bias voltage (e.g., —60 V). The Raman spectra
for those layers allowed us to assume that the disordered
state (band D) was reduced with an increase of the abso-
lute value of negative self-bias voltage during DLC films
deposition. The decrease of the band D might indicate that
the density of the sp> bonded carbon phase increases in
the films.

The investigated carbon films are amorphous with the coex-
istence of graphite-like and diamond-like phase, the amount
of which depends on the conditions of the RF PCVD
process.

4. Conclusion

This work reports the results of a series of field emission
experiments on amorphous DLC films deposited using RF
PCVD. The investigations indicate that diamond-like car-
bon coatings on the silicon substrates show the ability to
emit electrons from their surface. The deposition condi-
tions of RF PCVD are of significant importance for the
electron emission. The emission current-voltage character-
istics show a good fit to the Fowler-Nordheim theory. The
values of emission turn-on fields are between 40 V/um and
50 V/um for DLC films deposited at high negative self-bias
voltages. There was no possibility to determine the turn-
on field and the effective work function for the DLC_¢gv
sample due to the domination of thermionic and leak-
age currents in the investigated range of the electric field.
Samples DLC_159y and DLC_3p0v showed relatively low
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values of effective work function and were characterized by
good emissive properties. The effect of sp’> content on the
I-E and F-N plots of DLC films was discussed. The elec-
tron emission was probably associated with the coexistence
of graphite-like and diamond-like phases in DLC amor-
phous films. The results indicate that carbon-based films
with good emissive properties can be obtained by suitable
choice of the parameters of the RF PCVD process.

Acknowledgments

The work was financed by the Polish State Committee for
Scientific Research (KBN) — project no. 3 T11B 050 26.

References

[1] J. B. Cui, J. Ristein, and L. Ley, “Low-threshold electron emission
from diamond”, Phys. Rev., vol. 60, pp. 16135-16142, 2000.

[2] P. K. Baumann and R. J. Nemanich, “Negative electron affinity ef-
fects on H plasma exposed diamond (100) surfaces”, Diam. Rel.
Mater., vol. 4, pp. 802-805, 1995.

[3] B. B. Pate, “The diamond surface: atomic and electronic structure”,
Surf. Sci., vol. 165, pp. 83-142, 1990.

[4] H. Kawarada, “Hydrogen-terminated diamond surfaces and inter-
faces”, Surf. Sci. Rep., vol. 26, pp. 205-259, 1996.

[5] R. H. Fowler and L. Nordheim, “Electron emission in intense electric
fields”, Proc. Roy. Soc. Lon. Ser. A., vol. 119, no. 781, pp. 173-181,
1928.

[6] J. Y. Luo, K. S. Liu, J. S. Lee, I. N. Lin, and H. F. Cheng, “The
influence of film-to-substrate characteristics on the electron field
emission behavior of the diamond films”, Diam. Rel. Mater., vol. 7,
pp. 704-710, 1998.

[7]1 J. B. Cui, M. Stammler, J. Ristein, and L. Ley, “Role of hy-
drogen on field emission from chemical vapor deposited diamond
and nanocrystalline diamond powder” J. Appl. Phys., vol. 88,
pp. 3667-3674, 2000.

[8] E. Staryga and G. W. Bak, “Relation between physical structure and
electrical properties of diamond-like carbon thin films”, Diam. Rel.
Mater., vol. 14, pp. 23-34, 2005.

[9]1 C. E. Nebel, “Electronic properties of CVD diamond”, Semicond.
Sci. Technol., vol. 18, pp. S1-S11, 2003.

[10] A. V. Karabutov, V. D. Frolov, and V. I. Konov, “Diamond/spz—
bonded carbon structures: quantum well field electron emission?”,
Diam. Relat. Mater., vol. 10, pp. 840-846, 2001.

Dagmara Jarzynska received
the M.Sc. degree in physics
(specialization ~ solid  state
physics) from  Faculty of
Physics and Chemistry Uni-
versity of Lo6dZ, Poland, in
2003. Her research interests
concentrate on cold electron
emission from carbon materi-
als, mechanisms of emission
and application of carbon layers

42

in microelectronics. She is a Ph.D. student in the Institute
of Materials, Science and Engineering of Technical
University of L6dzZ.

e-mail: djar@p.lodz.pl

Institute of Materials, Science and Engineering

Technical University of £.6dz

Stefanowskiego st 1/15

90-924 1.6dz, Poland

Zbigniew Znamirowski re-
ceived the M.Sc. and Ph.D.
degrees in electronics from
Electronic Faculty of the Wroc-
faw University of Technology,
Poland, in 1975 and 1979,
respectively. After obtaining
Ph.D. he was employed at the
Wroctaw University of Technol-
ogy as an Assistant Professor.
His scientific topic of interest
was special lithographic techniques (X-ray, electron-beam
and ion-beam lithography). He was responsible for few
projects for industry (plasma etchers, PC key board com-
ponent). For few years he is involved with field electron
emitter investigations. At the moment he researches the
emissive composite materials, made with atmospheric
plasma spraying (APS) technique.

e-mail: Zbigniew.Znamirowski@pwr.wroc.pl

Faculty of Microsystem Electronics and Photonics
Wroctaw University of Technology

Janiszewskiego st 11/17

50-372 Wroctaw, Poland

Marian Clapa received the
M.Sc. degree in electronic en-
gineering from Electrical Fac-
ulty of the Technical Univer-
sity of L.6dz, Poland, in 1981.
He then worked as a constructor
of automatic control systems.
In 2002 he received a Ph.D.
degree for researches on car-
bon layers. He works as an Ad-
junct at the Faculty of Mechan-
ical Engineering (at the Institute of Materials Science
and Engineering) of Technical University of L.6dz. His
research interests concentrate on plasma usage in surface
engineering.

e-mail: marian.clapa@p.lodz.pl

Institute of Materials, Science and Engineering

Technical University of £.6dz

Stefanowskiego st 1/15

90-924 1.6dz, Poland

32007

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY



Investigations of electron emission from DLC thin films deposited by means of RF PCVD at various self-bias voltages

Elzbieta Staryga received
the M.Sc. degree from the
Mathematical - Physical - Chem-
ical Department of the Lo6dZ
University, Poland, in 1977 and
Ph.D. degree in 1987, and D.Sc.
in 2003. She started work in
1977 in the Institute of Physics
in Technical University of
L6dz, where she is working
- until now. Her scientific in-
terest is focused on electronic transport phenomena in
organic layers. She is interested also in the properties of

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY

32007

diamond-like carbon (DLC) and diamond films. She is
working on the problem of relationships between the elec-
trical conductivity and structure of the DLC and diamond
films. Currently her research interests are concentrated on
weakly known mechanism of electron emission from these
materials. She is the author and co-author of about 70 sci-
entific publications.

e-mail: elzbieta.staryga@p.lodz.pl

Institute of Physics

Technical University of £.6dz

Wolczariska st 219

93-005 Lo6dz, Poland

43



Ellipsometric spectroscopy

studies of compaction and decompaction
of Si-Si10, systems

Witold Rzodkiewicz and Andrzej Panas

Abstract— The influence of the strain on the optical properties
of Si-SiO, system has been investigated by spectroscopic ellip-
sometry (SE), interferometry and weighing methods. Subtle
changes of densification (compaction degree) in silicon diox-
ide layers on silicon substrates have been determined by weight
technique (relying on measurements of the silicon dioxide layer
mass and calculations of the volume). Elastic stress in the ox-
ide layers has been measured by Fizeau fringes image analysis
method. A comparison is made between the density of the
silicon dioxide (p) and the results of calculations made using
p = f(n) relations (where n is the refractive index) given in the
literature.

Keywords— Si-SiO, system, density, refractive index, spectro-
scopic ellipsometry.

1. Introduction

Oxidation of silicon has attracted much attention in the last
decades. Due to the continuous miniaturization of inte-
grated circuits and increased functionality in the modern
microelectronics technology, better understanding of the
mechanisms of elastic (instantaneous and reversible com-
paction) and non-elastic (irreversible and permanent den-
sification) strain generation in the Si-SiO, system is nec-
essary. Furthermore, when the structure size is reduced,
their mechanical and optical properties may differ from the
corresponding values of the bulk medium. Therefore, stud-
ies of both mechanical and optical properties of Si-SiO;
system are of great importance.

Several methods, such as spectroscopic ellipsometry (SE),
interferometry and weight technique (WT) have been used
to determine these properties. In connection with this, the
main goal of our work was to study the influence of strain
on the optical properties of Si-SiO; system using the tech-
niques mentioned above.

2. Experimental characteristics

Czochralski-grown, n-type (100) silicon substrates have
been used in this study. We started with 4-inch wafers
polished on both sides. Subsequently, the wafers were sub-
jected to thermal oxidation process at 1000°C in either dry
oxygen (in order to grow silicon dioxide layers with the
thickness of approximately 45, 95, and 170 nm) or water
vapor (in order to grow oxide layers with the thickness of
approximately 50, 90, and 165 nm).
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The thickness of SiO, layers formed in the way described
above and their refractive indexes were determined us-
ing a variable angle spectroscopic ellipsometer (VASE) of
J. A. Woollam Inc. Co.

Ellipsometric measurements were carried out at 5 points for
each wafer in a wide spectral range (250—1000 nm) at three
angles of incidence (65°; 70°; 75°). Interferometry was
used to determine the radius of curvature of the investigated
wafers.

2.1. Experiment methodology

The sequence of processing and measurement steps per-
formed during our investigations was as follows:

1. Oxidation of 4-inch, n-type Si (100) wafers polished
on both sides.

2. Interferometric measurements of oxidized wafers.

3. Ellipsometric measurements of oxidized wafers
(to determine the thickness and refractive index of
oxide).

4. Measurements of the mass of oxidized wafers.

5. The removal of both front-side SiO, layer and back-
side SiO, layer of each wafer by etching in HF solu-
tion.

6. Measurements of the mass of as-etched wafers.
7. Interferometric measurements of as-etched wafers.

8. Calculations of the oxide mass as the difference be-
tween the wafer mass obtained before and after re-
moval of both front-side and back-side oxide.

9. Calculations of oxide density as the ratio of the deter-
mined oxide mass to its calculated volume (product
of oxide thickness and the surface area).

2.2. Optical model for ellipsometric data analysis

The optical model which used for spectro-ellipsometric data
analysis consisted of a silicon dioxide layer and a silicon
substrate. The Cauchy dispersive model enabled the sil-
icon dioxide refractive index and its thickness to be de-
termined. Determination of the SiO, index of refraction
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is based on the he relationship represented by the Cauchy
dispersion formula:

B C
n(l):A‘i’ﬁ‘Fﬂ‘i’, (1)

where A, B, C are fitting coefficients, and A stands for
wavelength, expressed in gm. In the applied model, the
three parameters of Eq. (1) and SiO, layer thickness were
fitted.

3. Results and discussion

Dependence of silicon dioxide density, p,, on the oxide re-
fractive index n is illustrated in Fig. 1. This figure clearly
shows that the refractive index is a measure of the densi-
fication degree of SiO; layers on silicon substrates. The
measurement and calculation results for wafers with silicon
dioxide thickness #,x = 50 nm, 90 nm, 170 nm are presented
in Tables 1-4.

Once the mass Msjo, of an SiO; layer is measured and its
volume Vsio, is known (calculated as the product of the
oxide thickness and surface area of the layer), one may
determine directly the density of the layer:

Ms;o,

2

psio, = Vso,
107

2.60 | I A S RN B S B R B A
/" —0— dry oxide ]
. —®— wet oxide

3

Density of SiO,, p,, [g/cm ]

2.20
1.462 1.464 1.466 1.468 1470 1472 1.474

Refractive index of SiO,, n

Fig. 1. Dependence of silicon dioxide density, psio, (experi-
mentally determined by weight technique) on the oxide refractive
index, n (determined by spectroscopic ellipsometry).

Table 1
The mass, density and averaged thickness values
determined for silicon wafers oxidized in water vapor

atmosphere
No. of wafer fox Mox Pox
[nm] [mg] [g/em’]
50.07 1.00 2.57
90.17 1.58 2.26
3 165.12 2.86 2.23
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Table 2
The mass, density and averaged thickness values
determined for silicon wafers oxidized in dry atmosphere

No. of wafer for Mox Pox
[nm] [mg] [g/em’]
45.16 0.81 2.31
5 93.96 1.64 2.24
172.02 2.97 2.22
Table 3

Comparative collection of theoretical and experimental
density values determined for the corresponding averaged
refractive indexes (determined by SE at A = 630 nm)
of the wet oxides (oxides grown in water vapor)

PL-L ‘ PG-D ‘ PTa | PEyk ‘ PDrude | Pwt
[g/ent’]

1 1.4710 | 2.25| 225 12.29 |2.25| 2.26 |2.57
2 1.4630 | 2.21 | 2.22 {223 |2.21 | 222 |2.26

3 1.4629 | 2.21 | 2.22 223|221 | 222 |2.23

No. of ne30

wafer

Table 4
Comparative collection of theoretical and experimental
density values determined for the corresponding averaged
refractive indexes (determined by SE at A = 630 nm)
of the dry oxides (oxides grown in dry oxygen)

No. of | ne30 | prr ‘ PG-p ‘ Pra ‘ PEyk ‘ PDrude ‘ Pwi
[g/em’]

4 1.4738 | 2.26 | 2.27 | 2.31 | 226 | 2.28 |2.31

5 1.4636 | 2.21 | 222 | 2.23 1222 | 222 |2.24

6 1.4634 | 2.21| 222 | 2.23 1222 | 222 |2.22

wafer

Next, the density of SiO, layers obtained in this way were
compared with that determined from the value of the re-
fractive index (established in the course of ellipsometric
measurements). The Lorentz-Lorenz equation [1, 2] (L-L)
is one of the most widely used formulae relating oxide den-
sity to its refractive index:

M= Nygo E=DM 3)
3T (42) p”
where: II — molar polarization, Ny — Avogadro’s num-
ber, o — mean polarizibility, M - molecular mass,
p — density.

Substituting the following values: M = 60.08 g/mol
(molecular mass of SiO,), p = 2.2 g/cm?® and n = 1.46
(density and refractive index of the relaxed SiO,, re-
spectively), we obtain molar polarization for SiO, layer
IT = 7.4797 cm?/mol and Eq. (1) becomes:
n*—1
p =8.0324 2 4)
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Fig. 2. Interferograms and theirs sections along horizontal axis and the center of Fizeau fringes for front-side (a), (c) and back-side

(b), (d), of wafer no. 5 after dry oxidation.
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Fig. 3. Radius of curvature versus distance for front-side (a) and
back-side (b) of wafer no. 5 after dry oxidation.
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Other models of the relationship between oxide density and
its refractive index include: Gladstone-Dale formula [2, 3]
(G-D):

p=4.785n—-4.784, (5)

the empirical p(n) relationship for SiO, layer derived
by Taniguchi [4] (Ta):

p=781(n—1)" (6)
Eykman equation [5] (Eyk):

n?—1

P04 @

where C =3.6161 (at room temperature) — empirical con-
stant dependent on temperature; and Drude equation [2]:

p=1944(n*>—1). (8)

The last two equations have usually been used to study the
optical properties of various liquids (such as chlorobenzene,
methanol, water, etc.).

A comparison between values of SiO, density obtained
both experimentally and theoretically is shown in Tables 3
and 4. It should be noticed that the results obtained for dry
oxides by means of WT and calculated using Eq. (5) are in
a good agreement (see Table 4).

The results of interferometric measurements are illustrated
in Figs. 2-5. Interferograms and theirs sections along hor-
izontal axis and the center of Fizeau fringes for front-side
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Fig. 4.
(b), (d), of wafer no. 5 after removal of dry oxide.

Interferograms and theirs sections along horizontal axis and the center of Fizeau fringes for front-side (a), (c) and back-side

a) and back-side of wafer no. 5 after dry oxidation (thickness

250 of ~ 90 nm) are shown in Fig. 2. Similar data obtained
_ after removal of thick dry oxide is presented in Fig. 4.
5 200 Using the results shown in Figs. 2 and 4, the approxima-
s / tion function of curve of the sections, as well as the corre-
£ 150 / sponding formula for reciprocal curvature Eq. (9), we have
% % determined the radius of curvature R versus distance for
g 100 front-side and back-side of the oxidized wafer (dry SiO,
'é 50 thickness of ~ 90 nm) (see Fig. 3):
&

dy\273
10 20 30 40 50 60 70 80 1 |:1 + (a) :|
; : R=—=—74"" ©)
Horizontal distance on the wafer [mm] K d2y ’

b) dx?

300 where « is the curvature.
E) 275 Similar results are shown in Fig. 5 for front-side and back-
"E 230 side of the wafer after dry oxide removal.
g2 N Comparison of the results obtained from wafer no. 5 after
g 200 oxidation and after etching indicates that the curvature of
< 175 an oxidized wafer is considerably smaller than that of an
2 150 T~ etched wafer (Figs. 3 and 5).
E 125

30 40 50 60 70 80 4. Conclusions
Horizontal distance on the wafer [mm]

Fig. 5. Radius of curvature versus distance for front-side (a) and

back-side (b) of wafer no. 5 after removal of dry oxide.
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In this work, we have investigated the influence of strain on
the optical properties of Si-SiO, system by spectroscopic
ellipsometry and interferometry.
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On the basis of the obtained results, we have drawn the
following conclusions:

— refractive index of wet oxide is lower than that of dry
oxide (Tables 3 and 4);

— for refractive index higher than 1.47, the divergence
between the density calculated from the Taniguchi
formula and that calculated from Lorentz-Lorenz,
Gladstone-Dale, Eykman, and Drude equations be-
comes significant (Tables 3 and 4);

— measurement of oxide mass and calculated volume
of the oxide layer enabled the densification degree of
the oxide layers on silicon substrates to be properly
determined for about 83% of the investigated wafers
(with numbers: 2-6);

— the local radii of curvature of oxidized wafer no. 5 are
considerably higher than those of the etched wafers
(Figs. 3 and 5);

— interferometry and spectroscopic ellipsometry have
turned out to be helpful and suitable methods in our
studies.
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Investigation of barrier

height distributions over the gate
area of Al-Si0,-Si structures

Krzysztof Piskorski and Henryk M. Przewtocki

Abstract—Distributions of the gate-dielectric Epg(x,y) and
semiconductor-dielectric Egg(x,y) barrier height values have
been determined using the photoelectric measurement
method. Modified Powell-Berglund method was used to mea-
sure barrier height values. Modification of this method con-
sisted in using a focused UV light beam of a small diameter
d=0.3 mm. It was found that the Egg(x,y) distribution has
a characteristic dome-like shape which corresponds with the
independently determined shape of the effective contact poten-
tial difference @p5(x,y) distribution. On the other hand, the
Eps(x,y) distribution is of a random character. It is shown
that the Epg(x,y) distribution determines the shape of the
®ms(x,y) distribution. The model of the Ep; and Egg barrier
height distributions over the gate area has been proposed.

Keywords— barrier height, effective contact potential difference,
MOS system.

1. Introduction

The present work is a logical continuation of our previous
research (see, e.g., [1-4]) concerning the distribution of
electrical parameters over the gate area of Al-SiO,-Si struc-
tures. It has been experimentally proved that the effective
contact potential difference (ECPD or ¢y5) and zero pho-
tocurrent gate voltage Vg have a characteristic dome-like

0.25 T T T T T T T

Oyt C V]
Xy
S

e

—_

(=]
L
L

0 _
G
8]

0.05 —o— direction 1 |

—e— direction 2

0 T T T T T T T
0 02 04 06 08 10 12 14 16

Position along directions 1 and 2 { [mm]

Fig. 1. Typical dependence of the Vg voltage measured at the
wavelength A = 244 nm on the position in Al-SiO,-Si(n™) struc-
tures with aluminum gate thickness 7o} = 35 nm and SiO, layer
thickness 7, = 60 nm. The direction is either Eq. (1) along the
diagonal of the square gate, or Eq. (2) through the center of the
square gate and parallel to its edges.
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shape distribution over the gate area. An example of such
a distribution is shown in Fig. 1. The distribution of VG0
obtained experimentally (see, e.g., [3, 4]) in two different
directions (along the diagonal and through the center of the
square gate) shows the highest values at the center of the
gate and lowest values at the gate corners.

We ascribe the characteristic shape of this distribution to
the distribution of mechanical stress which is present in the
oxide layer under the gate in the MOS system [5-8]. This
non-uniform distribution of the mechanical stress is shown
in Fig. 2.

Al
SiO
Si
béu
/.\ Tensile /\ ''''' ?'-'
0 4o
\ Compressive / }
- R UPIURIN AN
> x
i L,
Position, X ;

Fig. 2. A qualitative one-dimensional distribution of stress O,y (x)
in the oxide layer under the Al gate.

Assuming that changes in Vg and ¢ys values are propor-
tional to changes in mechanical stress ¢ under the gate,
a model of @ys(x,y) distribution was developed and con-
firmed experimentally [3]. A typical distribution of @
local values over the square gate area, calculated using this
model is shown in Fig. 3. It is clearly seen in Fig. 3 that
the Pps(x, y) distribution has a dome-like shape, with the
highest values at the center of the gate, lower at the gate
edges and still lower at gate corners.

The ECPD depends directly on the difference Epg — Epg of
barrier heights at both sides of the dielectric, as discussed
in the next section. Hence, one or both of these barriers
must have distributions which result in the characteristic
Oums(x,y) distribution. Since it is the gate that causes the
non-uniform distribution of mechanical stress in the oxide,
it is more likely that the gate-dielectric Epg barrier height
has the decisive influence on the shape of ¢ys(x, y) distri-
bution.
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Fig. 3. Example of two-dimensional distribution of @pss(x,y)
calculated using model [3, 4] for MOS structures with square
gates of side length L =1 mm.

The aim of this investigation was to determine the dis-
tributions of both Eps and Epgs barrier height local val-
ues over the gate area and to find out how the individual
barrier heights influence the @y distribution. Moreover,
barrier height measurement results have been compared in
this work with independently determined @5 local values,
to estimate the accuracy of barrier height determination.
A model (similar to the above mentioned ¢ys distribution
model) has also been applied in this work to the Egg(x, y)
and Eps(x, y) distributions over the gate area.

2. Theory

The barrier height measurements were performed using in-
ternal photoemission phenomena, which can be observed
in a MOS structure with a semitransparent gate under illu-
mination by UV light. The UV radiation absorbed in both
electrodes (gate or substrate) may cause excitation of some
electrons. When the energy of the excited electrons is suffi-
cient to surmount the potential barrier at the gate-dielectric
or semiconductor-dielectric interface the photocurrent flow
takes place. This photocurrent is a function of the barrier
height Ep, the wavelength A of UV light illuminating the
structure and the gate potential Vi and can be measured

uv
\22Z

4 5 6
I/"7/8/9/

Si Si0

4 €L

Fig. 4. The measurement system: the MOS structure with semi-
transparent Al gate is illuminated at 9 different locations over the
gate area by a focused light beam. The photocurrent is measured
in the external circuit M.
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in the external circuit, as shown in Fig. 4. In this figure
the measurement system with MOS structure illuminated
by UV light beam is schematically illustrated. The beam
may be focused in nine different positions over the gate
area. In Fig. 5 the band diagram of the MOS system is
shown.

—qememgem
Qv | E,,
qax
Eps
qVG[ q¢S
__________________ N X
-V-.d.- +
\ 1 Eqn
A
M (o) S

Fig. 5. Band diagram of the MOS system. Epg, Epg are poten-
tial barrier heights at gate-dielectric and semiconductor-dielectric
interfaces, respectively.

Adding up all potentials on both sides of the dielectric layer
leads to a formula (1):

E
¢M_VGZZ_¢I_¢S+2_Z+¢Fa (1

where: ¢y — the barrier height at the gate-dielectric in-
terface, Vg — gate potential, ¥ — the electron affinity of
the silicon substrate at the interface, ¢;, ¢s — the potential
drop across the dielectric and at the semiconductor surface,
E¢/2q — the voltage equivalent of half energy band gap in
the semiconductor, g — the electron charge, ¢r — the Fermi
potential.

The effective contact potential difference (ECPD or ¢ys) is
defined as [9]:

def Eg
¢MS*¢M*(%+2—61+¢F)- 2

Sometimes it is more convenient to use the value of
the reduced effective contact potential difference (RECPD
or ¢ys), defined as:

Oris = O — X 3)

or
. Eg 4
¢Ms—¢Ms+2q+¢F- 4

It is clearly seen from Eq. (3) that the ¢y, value depends
only on the barrier heights on both sides of the dielectric
and does not depend on the doping concentration in the
substrate (while the ¢ys value depends on it through the
¢or value).
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The definition of ECPD, given by Eq. (2), allows a compar-
ison to be made between the measured ¢,ss values (by the
photoelectric method [2]) and the independently measured
values of both barrier heights (Epg and Epg). This can be
done by comparing two ¢@;¢ values, namely:

— the ¢y;4(1) value calculated using Eq. (4) and the
¢ps value determined directly by the photoelectric
method, and

— the ¢y;5(2) value calculated using [13, 14]:

1
Oys(2) = p (Epc — Eps+ Eg) 5)

with the values of Eps and Eps barrier heights
measured using the modified Powell-Berglund
method [10-14].

The R value defined as:
R=ys(1) — Pprs(2) (6)

is an indicator of the accuracy of barrier height measure-
ment. This is so because both the ¢p;s (measured by the
photoelectric method [2]) and the ¢r value (determined
using capacitance voltage, C(V;) characteristics) needed to
calculate ¢;;(1), are determined with high accuracy — bet-
ter than £10 mV in both cases, while the barrier height
measurements are known to be less accurate [15]. Obvi-
ously, the value of R decreases with improved accuracy of
the measurements.

3. Experimental

Measurements were made on Al-SiO;-Si MOS struc-
tures with semitransparent (o) = 35 nm) square gates
(1x1 mm?). To simplify interpretation of the photoelec-
tric measurements [2], in this work the phosphorus doped
n" substrates (p =0.015 Qcm) of < 100 > orientation were
used. After an initial hydrogen-peroxide-based cleaning se-
quence, the wafers were thermally oxidized at 1000°C in
oxygen to grow silicon-dioxide layers of with the thickness
of approximately 60 nm, and subsequently annealed in ni-
trogen for 10 min at 1050°C. It is obviously known, that
current technological interest consists in measurements of
oxide layers thinner than 3 nm, but in this case thicker ox-
ides were used to optimize the sensitivity and accuracy of
the applied photoelectric methods [2]. The frontside met-
alization was carried out in a thermal evaporator to the Al
thickness of 35 nm. Postmetalization annealing was carried
out at 450°C for 20 min in the forming gas atmosphere.
Photoelectric measurements of the barrier heights were
made using the modified Powell-Berglund method. The
modification of this method consisted in using a diameter of
UV light beam (d = 0.3 mm) that was small in comparison
with the dimension of the side length of the Al gate (1 mm).
Hence, it was possible to scan the whole gate area and to
measure local values of barrier heights (Eps and Epg), on
both interfaces of the dielectric.

The 26 MOS capacitors were used in this investigation.
On each of these capacitors local barrier heights were de-
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termined in 9 different locations, as illustrated in Fig. 4.
The local values of barrier heights determined in this way
were connected by 3rd order polynomial lines to obtain
approximate distributions of barrier height over the entire
gate area.

The results of barrier height measurements were compared
with @5 measurements, as described in Section 2.

Based on measurements results, models have been devel-
oped of distributions of both barrier heights (Epg, Eps)
over the gate area, as well as that of RECPD (¢y;¢) values.
The parameters of these models were fitted to obtain good
agreement between measured and calculated distributions.

4. Results and discussion

Averaged distributions of Epg and Epg are shown in Fig. 6,
while an averaged distribution of Vg is shown in Fig. 7.
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Fig. 6.  Averaged two-dimensional distribution of: (a) Epg

and (b) Epg barrier heights measured using modified Powell-
Berglund method for 26 MOS structures. Average Epg and Epg
values were found for each of the 9 locations over the gate area
(shown in Fig. 4) and used to determine distributions shown in
the figure.
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Fig. 7. Averaged two-dimensional distribution of VG0 voltage val-
ues measured for 26 MOS structures. Average Vg values for the
same wavelength A =242 nm were found for each of the 9 loca-
tions over the gate area (shown in Fig. 4) and used to determine
the distribution shown in the figure.

In Figs. 6a and 7 it is seen that averaged Eps and VG0
distributions have a characteristic dome-like shape with the
highest values at the center of the square gate and lowest
values at gate corners. On the other hand an averaged Epg
distribution is practically uniform, with random departures
from uniformity. The averaged departures from the uniform
distribution of Epg decrease with the number of structures
taken into account in the averaging process. Defining the
amplitude A as the difference between the maximum and
minimum local values of the same parameter over the gate
area (e.g., A(Epg) = EpGmax — EpGmin), one finds that the
amplitude of Epg distribution A(Epg) is about four times
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Fig. 8. Averaged two-dimensional distribution of ¢;;¢(2) calcu-
lated using Epg and Epg values for 26 MOS structures. Average
¢y75(2) values were found for each of the 9 locations over the gate
area (shown in Fig. 4) and used to determine distributions shown
in the figure.
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larger than the amplitude A(Eps) of the Epg distribution
(A(Epg) ~ 4A(Egs)). This means that the distribution of
the gate-dielectric barrier height Egg(x, y) has the decisive
influence on the @ys(x, y) distribution.

Using Eq. (5) the average distribution of ¢;;¢(2) over the
gate area was calculated and plotted in Fig. 8. This dis-
tribution has a similar shape to the distributions of the
Epc (Fig. 6) and the VG0 (Fig. 7) with the highest values
at the gate center and lowest values at gate corners. It is
well known [2] that the shape of ¢,¢(1) distribution is the
same as the shape of VG0 distribution, shifted by a constant
value C.

Using Eq. (6) R values were obtained at each of nine posi-
tions over the gate area and are given in Table 1.

Table 1
Values of measurement errors R at the 9 positions
over the gate area

Position (as indicated
in Fig. 4)
R [mV] 2001 ({9132 |1|15|1]|18

11234 |5]|6]7]8]|9

The values given in Table 1 are relatively small (we con-
sider them as indicators of barrier height measurement
accuracy). The accuracy of the both barrier height mea-
surements is very good in the middle of the square gate
(—2 mV, negative sign means that Egg value is too low in
comparison with Epg value or that Epg value is too high in
comparison with Epg value). There are larger differences
between ¢;;4(1) and ¢;;4(2) at gate corners (the average
value of R for four equivalent positions is 15 mV) and gate
edges (4 mV is the average R value for four equivalent
positions).
The model which has been applied to the @y distribu-
tion [3, 4] can be also used to describe distributions of Epg,
¢y;(1) and ¢;;¢(2). This model for the one-dimensional
distribution K(x) of the parameter K is given by the for-
mula:

K(x) =Ko+ AK - [e% +e?} , %)

where: Ky — value of K parameter far away from gate edges,
AK - deviation of K(x) from Ky, L — characteristic length
of K(x) distribution, a — side length of the square gate.

The predictions of the model are in good agreement with
experimental results obtained on MOS structures with
square gates used in this investigation. The model values at
the gate center — Ky were fitted to those obtained from the
measurements. Values of all the parameters at gate corners
were fairly close to the measured values.

Using the model based on Eq. (7), two-dimensional
Epc(x, y) distribution was calculated and is shown in Fig. 9.
The parameters used in model calculations are listed below
the plot. The flat Egs(x,y) distribution can also be ex-
pressed in terms of the model Eq. (7), with the parameters:
EBSO =4.405 CV, AEBS =0 GV, L =0 mm.

The RECPD distributions of ¢;4(1) and ¢;;4(2) calculated
using the model based on Eq. (7) are shown in Fig. 10.
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In both cases the K,y parameter of the model was so chosen
as to obtain the same ¢,;¢ value at the center of the gate
as that obtained from measurements. Parameters used
in model calculations are indicated below the diagrams.
Clearly, ¢;;5(2) values are lower than ¢;;4(1) at the gate
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Fig. 9. Two-dimensional distribution of Epg barrier height val-
ues calculated using the model based on formula (7). Model
parameters: Epgo = 3.545 eV, AEgg = —0.061 eV, L =0.1 mm,
a=1 mm.

¢ 35 (1)

b)

¢ s (2

Fig. 10.  Two-dimensional distributions of: (a) ¢;;¢(1) and
(b) ¢55(2) reduced effective contact potential difference val-
ues calculated using the formula (7). Model parameters:
(@) 50(1) =0.253 V, Agjys(1) = —0.032 V, L=0.1 mm, a =
1 mm; (b) ¢y;40(2) =0.255 V, Ady;g(2) = —0.05 V, L=0.1 mm,
a=1 mm.
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Fig. 11.  Comparison of the ¢y;¢(1) (solid line) and ¢;¢(2)
(dashed line) distributions calculated using the model.

corners, as reflected in the A¢ys values (|Ady¢(2) >
|A@y;g(1)]. This is demonstrated more clearly in the one-
dimensional distributions of ¢;;¢(1) and ¢5;(2) shown
in Fig. 11.

5. Conclusions

Distributions of Ep; and Epg barrier heights, Vg voltage
as well as RECPD (¢,,4(1) and ¢;4(2)) over the gate area
were studied. Measurements were made on a series of
26 Al-SiO,-Si(n™) MOS capacitors on one silicon wafer.
Barrier heights were measured by modified Powell-
Berglund method using a UV light beam of small diameter.
This allowed the gate area to be scanned with the light beam
and to measure local barrier height values at nine different
positions over the gate area. It was found that Epg, VGO,
¢ys(1) and ¢y;4(2) values have a characteristic dome-like
shape, with the highest values at the gate center, lower at
gate edges and still lower at gate corners. On the other
hand, Epg barrier height distribution is essentially uniform,
with random departures from uniformity.

The accuracy of both barrier height measurements was
checked by comparing the ¢;;¢(1) value (determined us-
ing the @5 measured by the photoelectric method) with
the value of ¢;;4(2) (obtained from Ep; and Eps mea-
surements). It has been shown that the difference R be-
tween these values is very small (2 mV) at the center of
the gate and becomes larger (~ 15 mV) at the corners of
the square gate. These results (as well as the results of
other experiments not reported in this paper), allow the
accuracy of the measurement of local barrier height val-
ues by the modified Powell-Berglund method to be esti-
mated. Our (rather conservative) estimation is that the pos-
sible measurement error AEg does not exceed £50 meV in
this case.

It was found that models of 2D distributions, similar to the
model previously developed for ¢s(x, y) distribution, can
be successfully applied to other parameters — in particular
to Epg(x,y) and ¢y;4(2)(x, y) distributions.
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C#=D  Electrical characterization
of ISFETSs

Daniel Tomaszewski, Chia-Ming Yang, Bohdan Jaroszewicz, Michal Zaborowski,
Piotr Grabiec, and Dorota G. Pijanowska

Abstract— Methodology of electrical characterization of
ISFETs has been described. It is based on a three-stage ap-
proach. First, electrical measurements of ISFET-like MOS-
FETs and extraction of basic parameters of the MOSFET
compact model are performed. Next, mapping of the ISFET
channel conductances and a number of other characteristic
parameters is carried out using a semi-automatic testing setup.
Finally, ISFET sensitivity to solution pH is evaluated. The
methodology is applied to characterize ISFETs fabricated in
the Institute of Electron Technology (IET).

Keywords—ISFET, CMOS, electrical measurements, I-V char-
acteristics, characterization, parameters extraction.

1. Introduction

Ion-sensitive MOS transistors (ISFETs) operate as de-
pletion-mode devices. Their electrical characterization
must combine techniques typical for CMOS evaluation and
those necessary for description of mechanisms specific to
depletion-mode MOS transistors. In the electrical charac-
terization of these devices it must be taken into account,
that there are no gates in the functional devices. Thus the
characterization must be done using first of all the ISFET-
like MOS transistors with gates. The functional ISFETs
are also tested and evaluated. The paper reports methods
and selected results of electrical characterization of these
devices.

2. Devices

Fabrication of ISFETs is partially based on the standard
CMOS process. Device parameters are given in Table 1,
whereas their structure is shown in Fig. 1. Also the topol-

Table 1
Ton-sensitive MOS transistor parameters

Parameters Values
Total area 4.9x4.9 mm?
Channel width (W) 600 um
Channel length (L) 16 um
Gate oxide thickness (Tsio,) 65 nm
Silicon nitride thickness (Tsi;N,) 65 nm
p-well junction depth (X_,.e11) 6 um
Source/drain junction depth (X;_g/p) 1.5 um
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Si;N, SiO, p channél—stopper

Fig. 1. Cross-section of a p-well ISFET; numbers denote the
electrodes: p-well (1), source (2), drain (3), substrate (4).

Gate p-well

Fig. 2. A photo of an ISFET-like MOSFET. An Al-gate covers
the active area of the device. The electrodes are seen clearly.

ogy of an ISFET-like MOSFET is shown in Fig. 2. The
specific features of ISFET structure are as follows:

— p-well insulation of active areas (relevant mainly in
the case of ISFET arrays); such insulation is neces-
sary for ISFETs to operate in a typical application,
that is as a source and drain follower [1, 2];

— long source/drain leads designed for the purpose of
sufficient separation between the pads and the active
area exposed to the solution-under-test; the separa-
tion is particularly necessary in the case of front-side
contacted ISFETSs; this obviously results in increased
S/D series resistance.
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3. Measurements

A Keithley System 93 IV controlled by METRICS software
is used for electrical characterization of ISFETs and ISFET-
like MOSFETs. In the case of wafer-scale measurements
this system works concurrently with a semi-automatic probe
station. The system is used for the following tests:

— measurements of /-V characteristics of ISFET-like
MOSFETs;

— evaluation of ISFETs on a semi-automatic probe sta-
tion;

— investigation of the insulation between ISFETs ar-
ranged as arrays of devices fabricated in the same
substrate;

— measurements of /-V characteristics of ISFETs ex-
posed to pH-solutions.

Selected measurement (subthreshold /-V characteristics of
the ISFET-like devices and measurements of dark currents
of the p-n junctions) are performed using a shielding box.

3.1. Measurement and characterization of ISFET-like
MOSFETs

A measurement setup typical for MOSFET characterization
is used (Fig. 3). Below, characterization procedures are
described in more detail.

S G D
/
p p
SisN,
SiO,
p-well

n-sub

Fig. 3. Measurement setup used for characterization of ISFET-
like MOSFETs.

3.1.1. Overall evaluation of electrical characteristics
of the MOSFETs based on the I-V data

This procedure is based on the simple model of MOSFETSs
I-V characteristics, given by Eq. (1), where the symbols
have their standard meanings:

w Vi
Ip = 7= Hesr Ci (VGS —Vr— %) Vps.- M
eff
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It should be mentioned that oxide capacitance Cpyx, used
commonly in models of MOSFET [-V characteristics, has
been replaced by insulator capacitance C;. This is due to
the fact that the dielectric layer in ISFETS consists of oxide
and nitride layers (see Fig. 1).

3.1.2. Extraction of basic parameters of MOSFETs

Transconductance coeflicient KP = [, ¢ Cy, threshold volt-
age at Vg =0 V VTO, body factor GAMMA and Fermi
voltage PHI are evaluated through analysis of Ip(Vis) data
measured at constant Vpg voltage and a set of Vpg val-
ues. First, Ip(Vis) data is differentiated to obtain G,,(Vgs)
curves. Next, Ip(Vgs) and G, (Vgs) data is used to ex-
tract KP and threshold voltage V7. Threshold voltage cor-
responds to an abscissa of intersection point between a tan-
gent line of the Ip(Vis) curve and the Vg axis. A posi-
tion of the tangent line is determined by the coordinate
of this G,,(Vgs) curve maximum. This method is illus-
trated in Fig. 4. It should be mentioned, that in the case

1510° 6
s 2
Effect of R -

oy . ecto o
< 10107 o 4
£ L3 §
8 r —cé

(=} - [
55010 ] 2§
A E 3
v, 4054y 1S

e *
-2.0 “1.0Ves O 1.0 2.0 3.0
Gate voltage [V]
Fig. 4. Extraction of threshold voltage and transconductance

coefficient (Vp =0.5V, Vg=0V).

-0.4 7

VTO = -1.294

Threshold voltage [V]

-1.2 3 GAMMA = 0.57
PHI = 0.4
-3.0 2.5 2.0 -1.5 -1.0 -0.5 0

Well-source voltage [V]

Fig. 5. Extraction of threshold voltage parameters (Vps =0.5 V).

of ISFETs a significant Ip(Vss) degradation range can be
observed in strong inversion. This is due to series re-
sistance (from the devices topology), rather than mobil-
ity degradation. Both effects have a similar influence on
the Ip(Vgs) data. Next, the calculated Vr = f(Vpg) char-
acteristics are used to evaluate VT O, GAMMA and PHI.
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For this purpose a well-known square-root formula given
by Eq. (2) is used:

Vr = VTO -+ GAMMA (\ JPHI — Vs — \/PHI) @

Figure 5 illustrates the methods used for extraction of these
parameters.

3.1.3. Extraction of the weak inversion parameters
of MOSFETs: S, NFS

This method is based on the MOSFET model of /-V char-
acteristics in the subthreshold range presented in [3]:

_ Vis — Von
Ip = Ip oy exp —xT
el

q
Ves — VON)

S/In10 3

= Ip on eXp (

where: T
S=n—-Inl0,
q
q-NFS+Cp

=1
n =+ G s

e GAMMA-C

" Wp  2-/PHI Vs

The capacitance Cp is understood here as the capacitance
per unit area of the gate-induced depletion region at the
onset of strong inversion. The NFS parameter denotes
the density of fast surface states at the insulator-silicon in-
terface. The capacitance of the interface traps degrades
the slope of the Ip(Vgs) curve S, which is reflected in the
non-ideality factor n [3]. Other parameters have standard
meanings. The estimation procedure is illustrated in Fig. 6.

Cp

tga=1n 10/S

Drain current [A]
d(In Dy/dV

At et 0
\ 4 2.0 3.0

2.0 L0y ** 0
Gate voltage [V]

Fig. 6. Extraction of the subthreshold slope (Vp = 0.5 V,
Vp=-3V).

First, In Ip(Vgs) data is differentiated and a sharp peak is
found. The coordinate of this peak determines a position
of the subthreshold slope.
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3.1.4. Estimation of ISFET current in the off-state,
evaluation of the insulation between devices

As mentioned earlier, ISFETs operate as depletion-mode
devices. However, for the purpose of characterization it is
also necessary to evaluate the true dark current of S/D junc-
tions. This test is performed by measurement of Ip(Vps)
characteristics for a set of negative gate voltages. The char-
acteristics are measured both in the reverse and forward
bias range. The junction dark current under reverse bias
can be determined by measurement at the gate voltages
below —1 V. Then the channel leakage current is switched
off. Under these conditions /-V characteristics of the for-
ward biased drain junction may be observed, too. The
measurement results are shown in Fig. 7.

2
10 V=10V

_10* 05V

= ov

210

g

; 10 -0.5V

<

E 10 2.0.-1.0V
10 4 DS
102 Forward bias ™~ Dark current under reverse bias

-1.0 0 1.0 2.0 3.0
Drain voltage [V]

Fig. 7. Extraction of the dark current of the drain-well junction.

Perfect insulation between ISFETs is a very important re-
quirement for their application in ISFET matrices. The
devices operate independently, therefore any interaction, re-
sulting, e.g., from a high well-substrate leakage and/or poor
encapsulation, leads to degradation of the matrix function-
ality. The dark currents of adjacent devices have been mea-
sured in two configurations: separately and simultaneously.
The results indicate that there is no interaction between
the devices. The p-well insulation used in the presented
technology is satisfactory.

3.2. Evaluation of ISFETs on a semi-automatic probe
station

A semi-automatic measurement system is used in order to
evaluate the fabricated ISFETs and to determine whether
the measured parameter values are uniform over the wafer
area. The measurements require multiplexing, therefore
a Keithley 707A/7072 switching matrix is also used. The
following parameters are measured:

— current of the forward-biased drain-well n*-p junc-
tion;

— current of the reverse-biased drain-well n™-p junc-
tion;

— source-drain current/source-drain resistance.
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Fig. 8. On-wafer distribution of channel resistance of ISFETSs in
the on-state.

Post-processing of the measured data is done automat-
ically including filtering, statistical processing (calcula-
tion of mean value, standard deviation, frequency) and
smoothing. The output data is presented as discrete contour
maps and bar charts. Figure 8 illustrates this set of mea-
surements. The result show a satisfactory process unifor-
mity.

3.3. Characterization of ISFETs exposed to pH-solutions

These measurements complete ISFET characterization.
Operation of ISFETs with different p-well doping densi-
ties has been tested. Three calibrated buffer solutions with
pH =4.0, 6.694, and 8.358 have been used. The measure-
ment setup configuration is shown in Fig. 9.

Fig. 9. Measurement setup for testing ISFETs exposed to
pH-solution.
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Characteristics Ip(Vis) have been measured and threshold
voltages have been calculated using the transconductance
data. In accordance with the theory the experimental re-
sults show linear Vr(pH) dependence with sensitivities of
the order of 50 mV/pH (Fig. 10). The increase of sensitivity
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Gate voltage [V]
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07 /
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% 057 Lin. =0.999819
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Z -1 Sens. =43 mV/pH
° i Lin. = 0.995625
= 4
3 1
£ 1.5
= 1 Sens. =58.7 mV/pH
1 Lin. =0.99002
-27“““‘H\‘HHHHVH‘HHH\HHHH‘
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Solution pH
Fig. 10. Influence of pH on ISFETs characteristics: (a) a shift

of the Ip(Vgs) and G,,(Vgs) characteristics; (b) a resulting
ISFET-like MOSFETs threshold voltage variation due to the
pH change.

of sample with DHF (diluted HF) dip up to 58.7 mV/pH
results from a native oxide removal. Moreover, it has
been determined, that the subthreshold slope of ISFETs
increases for increasing pH values. In the case of these
devices it has changed between 115 and 130 mV/dec.

4. Summary

A methodology of electrical characterization of ISFETs
has been presented. It is based on a concept of CMOS
characterization system. The presented measurement and
parameters extraction methods have been used for evalua-
tion of the devices manufactured in the Institute of Electron
Technology.
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Charge-pumping characterization
of SOI devices fabricated by means
of wafer bonding over pre-patterned cavities

Grzegorz Gtluszko, Lidia Lukasiak, Valeriya Kilchytska, Tsung Ming Chung,
Benoit Olbrechts, Denis Flandre, and Jean-Pierre Raskin

Abstract—The quality of the silicon-buried oxide bonded in-
terface of SOI devices created by thin Si film transfer and
bonding over pre-patterned cavities, aiming at fabrication
of DG and SON MOSFETs, is studied by means of charge-
pumping (CP) measurements. It is demonstrated that thanks
to the chemical activation step, the quality of the bonded in-
terface is remarkably good. Good agreement between values
of front-interface threshold voltage determined from CP and
I-V measurements is obtained.

Keywords— charge-pumping, electrical characterization, inter-
face traps, SOI, wafer bonding, Si layer transfer.

1. Introduction

Silicon-on-insulator (SOI) technology, and especially
double-gate (DG) transistors, offers well-known advantages
for device operation, such as reduction of short-channel ef-
fects (SCE). While in single-gate SOI, improved SCE (in
comparison to bulk devices) is reduced due to film thick-
ness, in the case of double-gate devices, short-channel ef-
fects may be further lowered thanks to increased vertical
electrical control [1].

The aim of this paper is to investigate the quality of SiO,-Si
interface in devices fabricated by a novel process developed
in the Université Catholique de Louvain (UCL). This new
fabrication process aims at obtaining planar DG and silicon-
on-nothing (SON) MOSFETs by the transfer and bonding
of a thin Si film on a substrate patterned with cavities and
by the subsequent alignment of the device active area and
gate definitions over the cavities [2]. Here the quality of
the bonded interface is assessed using charge-pumping (CP)
measurements on single-gate PIN diodes fabricated simul-
taneously with the DG SON MOSFETs.

2. Device processing

The devices investigated in this paper were obtained us-
ing a novel fabrication method [2] schematically shown in
Fig. 1. More details about bonding process can be found
in [2]. One of the process critical step, particularly im-
portant for the present study, is surface activation prior to
bonding, since it plays a major role in the bonded interface
quality. Activation using oxygen plasma (which is usual
in wafer bonding process) has shown to be detrimental for
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Fig. 1. Novel fabrication method: (a) oxidation of handle wafer,
reactive ion etching (RIE) and wafer bonding; (b) SOI substrate
thinning via grinding; (c) LPCVD nitride deposition and TMAH
etching; (d) BHF etching of SOI BOX; (e) patterning of silicon is-
lands by RIE etching; (f) 3D view of Si island; (g) MOS oxidation
and CVD of polysilicon gate.
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the electrical properties: high density of interface states and
reduced mobility. To assure the good electrical quality of
the bonded interface, which is especially important in DG
devices, since conduction will take place at this interface,

Polisilicon gate

Silicon substrate

Patterning of polisilicon gate

b)

Silicon substrate

Fig. 2. Cross-section of a DG MOSFET: (a) transversal; (b) lon-
gitudinal.

chemical activation has been used. Warm nitric acid has
been proven to be a good activation agent [3] and hence in
this process we performed activation in nitric acid 70% at
70°C during 10 minutes [2]. Transversal and longitudinal
cross-sections of a DG transistor are presented in Fig. 2.
A photo of a final device is shown in Fig. 3.

Fig. 3. Photo of a final working double-gate transistor.

Characterization results were compared to those obtained
from reference devices. These devices were fabricated us-
ing the standard UCL process described in [4] on com-
mercially available UNIBOND® SOI substrates. Other-
wise, processing conditions were the same for both device

types.
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3. Charge-pumping measurements

Since single and double gate fully-depleted transistors had
no contact to the body, PIN gated diodes were chosen for
charge-pumping measurements using the approach first pre-
sented in [5]. Thus the two investigated SiO,-Si interfaces
were the front-gate interface and the back interface between
the buried oxide (BOX) and body (Fig. 4). The latter in-
terface is a measure of wafer-bonding quality.

Front gate
Vor L

1% L
Drain | b Sio, Body contact

+

n p P
Si

+

Sio,

Vv, Back gate

GB

Fig. 4. Schematic cross-section of a SOI PIN diode.

The investigated devices were SG PIN diodes with gate
oxide thickness 7, = 30 nm, body thickness ts; = 80 nm
and BOX ~ 600 nm (400 nm in the reference devices). The
effective body doping is approximately Ny = 10" cm™3.
Gate dimensions (W x L) of PIN diodes are 570 pm X
10 um, 758 um x 5 um and 852 pum x 3 pum.

Charge-pumping current measured at front-gate interface
of a PIN diode fabricated using the novel process flow is
plotted as a function of gate base voltage in Fig. 5 for back-
gate bias of 0 V and -20 V, respectively. The amplitude
of the gate signal (parameter of the family of curves in
the diagram) was changed from 2 V to 5 V (solid lines)
and then the whole measurement sequence was repeated
(squares). The fact that the results of both experiments
are very close indicates that no visible generation of inter-
face traps was caused during measurements. Similar results
obtained from the back interface are presented in Fig. 6
for front-gate bias of 0 V and -2 V, respectively. In this
case, the back gate-signal amplitude was changed between
10 and 30 V and again, no visible degradation due to the
applied voltages was observed. The CP curves presented
in Fig. 6b do not saturate, it is visible, however, that with
increasing amplitudes the increase of maximum charge-
pumping current becomes weaker. We believe, therefore,
that the maximum charge-pumping current obtained at gate
voltage amplitude of 30 V can serve as a good indication of
the total density of interface traps at the back interface. Un-
fortunately, higher amplitudes would damage the structures
permanently.

Analysis of CP curves presented above yields a total density
of interface traps Ny, as well as threshold V7 and flat-band
Vrp voltage. The obtained results are listed in Table 1.
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Table 1
Results of CP characterization performed on PIN diodes fabricated using the novel process flow
Interfaces W x L =570 um x 10 um WxL=758 um x 5 um W xL =852 um x 3 um
Vig [V1 | Ve [V]| Ny [em™2] | Vg [V | Ve [V] | Ny [em™2] | Veg [V] | Vo [V] | Ny [em™2]
Front |Ve8 =0V -08 | -02 | 3.1-10 | 07 | -02 | 2.6-10"° | -0.7 | -02 | 2.9-10'°
ron
Vep=—-20V -0.7 0.3 2.2-10'0 -0.5 0.5 1-10'0 -0.5 0.5 0.7-10'0
Back | VGF =0V -5 -25 | 2.6-10" -8 -3 | 22-10" -8 3 | 25-101°
ac
Vor = -2V 3 12 | 1.3.10" 7 12 | 07-10% 6 12 | 04-101°
Y ! 35 " ;
30 [ W=570 um tg=280nm ap=10V/us
t [ L=10pum f=100kHz V=0V
30 [ tpor=30nm  az=10V/us Vp=0V
L [ amp =25V
‘ 25 et
20 |- tg;=80nm . =
< | f=100kHz 4V 2 20
S| a=10V/s 0 0 |: z
5 ap=10Vips =
: ", ° 15
3 Vop=0V 3V o
& FV,=0V
10 0
: 1 A
| 2V §“
Ny
0 S g_x 1| = i RS e d
-8 -6 4 2 0 -30 -20 -10 0
Front gate base voltage [V] Back gate base voltage [V]
b
K P ‘
, | | | L =570 pm 30V
0 | W=570um f5;=80nm ap=20V/us | L=10pm
| L=10pm f=100kHz Vgg=-20V | troxy=30nm
trox=30nm  a=20V/us Vp=0V | tg; =80 nm
I f=100 kHz
| | [
pooooooogd _ 8 Fag=10V/us
_ 2 - B— T | a=10Vis
g g | Ver=-2V
s E | Vp=0V
g 3
=M
o S
“ 10 4
o™ |
-5 -4 3 2 -1 0 0 =
-30 20 -10 0 10
Front gate base voltage [V]
Back gate base voltage[V]
Fig. 5. Charge-pumping current as a function of top-gate Fig. 6. Charge-pumping current as a function of back-gate base
base voltage for different amplitudes of the top-gate signal: voltage for different amplitudes of back-gate signal: (a) Vgr =0V;
(@) Vgp =0V, (b) Vgp = —-20 V. ) Vgr = -2 V.
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It may be seen that interface-trap density is unexpectedly
low at both interfaces indicating very good quality of both
front-gate oxidation process and additional wafer bonding.
The threshold voltage of the front interface obtained at
back-gate bias of 0 V is in excellent agreement with that
extracted from /-V characteristics of single-gate transistors.
Threshold voltage was extracted from the intersection of
straight lines approximating the log-lin Ip = f(Vgs) char-
acteristics in the subthreshold and strong inversion regions
(Fig. 7) (e.g., [6]).
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< 10" |
g F Double gate wafer
£ r Single gate transistor
B L
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R W=15um 1
[ L=3pum
[ Veg=0V
10-12
Fo
Lo V=01V
10714 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-1 0 1 2 3
Gate voltage [V]
Fig. 7. Transfer characteristics of a single-gate transistor
Ve =0V).
12 ‘
A RS -
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| f=100kHz| ? ' N
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Fig. 8. Comparison of CP measurements performed on novel
(dashed line) and reference (solid line) structures.
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A comparison with CP measurements performed on back-
interface of reference PIN diodes fabricated on a standard
UNIBOND® wafer is presented in Fig. 8. The interface
trap density at the back interface is slightly lower (N; =
0.4-10'° ¢cm~2) for reference devices than for those fabri-
cated using the novel process flow (N; = 1.3-10'% cm~2),
which indicates that additional bonding used in our exper-
imental DG SON process only slightly worsens the BOX-
Si film interface quality when compared to a commercial
well-established UNIBOND® process, in which bonded in-
terface is placed at BOX-substrate interface [7].

4. Conclusions

Thanks to chemical activation of the bonded interface, the
density of interface traps is remarkably low at both in-
terfaces of structures fabricated using the novel technique
described in [2]. The reliability of CP measurements is
confirmed by a very good agreement between the values
of front-interface threshold voltage determined by means
of CP and I-V techniques. Further studies are needed to
eliminate potential inaccuracies of the obtained results.
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@30 Characterization of SO MOSFETs
by means of charge-pumping

Grzegorz Gtluszko, Stawomir Szostak, Heinrich Gottlob, Max Lemme, and Lidia Lukasiak

Abstract—This paper presents the results of charge-pumping
measurements of SOI MOSFETs. The aim of these measure-
ments is to provide information on the density of interface
traps at the front and back Si-SiO, interface. Three-level
charge-pumping is used to obtain energy distribution of inter-
face traps at front-interface.

Keywords—charge-pumping, electrical characterization, inter-
face traps, SOI MOSFET.

1. Introduction

Silicon-on-insulator (SOI) technology has several well-
known advantages over classical bulk technology, e.g., en-
hanced current, ideal subthreshold slope, reduced short
channel effects and lower junction capacitance [1], as well
as superior mobility and decreased power consumption [2].
Moreover, it is immune to latch-up effects, while com-
plete isolation of devices and feasibility of high-resistivity
substrate result in reduced substrate-loss for RF applica-
tions [3]. The performance of SOI MOSFETs is, how-
ever, determined to a large extent by the quality of the top
and bottom SiO,-Si interface. Therefore in this paper the
quality of these interfaces is studied by means of charge-
pumping (CP) [4].

2. Investigated structures

SOI MOSFETs with body contacts (BC) have been fab-
ricated on SOITEC substrates with an initial top-silicon
thickness of t50; = 100 nm and a buried oxide (BOX) thick-
ness of 150x = 200 nm (see schematic Fig. 1a). Top-silicon
layers have been doped by boron ion implantation and
subsequent annealing to achieve one sample with a nom-
inal channel doping of Ny, = 10'7/cm? and two samples
with N, = 10'8/cm?®. Channel regions including source,
drain and body contacts have been defined by mesa iso-
lation using inductive coupled plasma reactive ion etch-
ing (ICP-RIE) with a two step HBr/O, process [5]. After
a modified RCA clean, a thermal gate oxide with a thick-
ness of 7, = 8.5 nm has been grown at 900°C. Subse-
quently, polysilicon with a thickness of f,,,;, = 150 nm has
been deposited by low pressure chemical vapor deposition
(LPCVD). Polysilicon has been removed completely except
from the gate and BC regions by ICP-RIE, again with a two
step HBr/O, process [5]. Source and drain have been com-
pleted by self aligned arsenic (n") ion implantation and
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rapid thermal annealing (RTA). BCs have been uncovered
by ICP-RIE with a two step HB1/O, process [5]. The etch
mask has then been used in a self aligned manner to dope
the BC leads by boron (p™) ion implantation and RTA.

a)

Gate oxide

Top-Si ’Body contact

S

b)

Fig. 1. SOI MOSFET with body contact: (a) schematic; (b) mi-
croscope image.

Forming gas annealing in N,/H, for 30 min at 400°C to
cure oxide and interface charges has been applied to one
sample with N, = 10'8/cm>. A microscope image of a fab-
ricated device is shown in Fig. 1b. Gate length and gate
width are Ly = 10 um and W = 20 um, respectively.

3. Charge-pumping measurements

This section is divided into three parts. The first two
are devoted to characterization of front- and back-interface
by means of two-level charge-pumping, while the third
presents preliminary results of front-interface studies us-
ing three-level charge-pumping.
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3.1. Two-level charge-pumping — front-interface

Front-interface charge-pumping curves were measured for
different values of back-gate bias V5. Comparison of these
curves indicates that no or very weak interface coupling
takes place at Vgp = —30 V, therefore all subsequent mea-
surements of front-interface CP current were carried out
at this back-gate bias. The influence of source-body and
drain-body junction reverse bias on front-interface CP cur-
rent is illustrated in Fig. 2. In the case of non-annealed
structures significant geometric component is observed for
Vp = Vs < 0.5 V. This is most probably due to consider-
able resistance of the body contact. As a result, all sub-
sequent measurements on these structures were made at
Vs=Vp=05V.

120 Mos soi ‘ ‘
| NMOS 501 Vp=Vs=0V
[ IliV:lzoo Hm tg; =100 nm
| L=10pm
18 -3 VC87-3OV
L NA =10 cm V =5V
_ amp
_ g0 | frox=850m ~100 kHz |
< | tpox =200 nm
=
()
&
=
o
(=™
O
40

-8 -6 -4 -2 0
Front gate base voltage [V]

Fig. 2. Front-interface CP current as a function of front-gate
base voltage with source-body and drain-body junction bias as
a parameter.

An example of CP current measured on structures with
body doping of 10'” cm~3 is shown in Fig. 3a as a function
of front-gate base voltage with gate voltage amplitude as
a parameter.

The fact that the middle part of each curve is not perfectly
flat is probably due to the fact that the resistance of the
body contact is considerable due to a relatively low body
thickness.

Table 1
Parameters determined from 2-level charge-pumping
measurements

Ni Ve | Vr
fem™2] | V] [ V]
Npoay = 10" cm ™3 1.7-10"2| 0.5 1.1
Npoay = 10" cm™3 (non-annealed)|2.0-10'2| —0.4| 1.5
8.4-10'°1—1.0] 0.0

Structure type

Npoay = 10" cm™3 (annealed)

68

a)
60

[ NMOS SOI‘

50 | W=20pum

[ L=10um
N, =10 em’
40

[ troy=8.5nm 3V
[ tgox TOZOOO nm vV
[ lg= nm

30 -

+ f=100kHz

L Vp=Vs=05V

20 |

3

CP current [nA]

-8 -6 -4 -2 0
Front gate base voltage [V]

b)

3.0
W=20 um

L=10 pum

/=100 kHz
ap=20V/ps
ap=20V/us
20 Vep=-30V
Vp=Vs=0 f

amp ~

5V

4V

3V

CP current [nA]
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Fig. 3. Front-interface CP current as a function of front-gate base
voltage with gate voltage amplitude as a parameter: (a) Npogy =
107 cm™3; (b) Npody = 10" cm—3, annealed.

In the case of annealed structures with body doping of
10'® cm~3 the CP current is more than an order of magni-
tude lower, which can be seen in Fig. 3b. Moreover, reverse
bias of source and drain junctions is not necessary in this
case.

Analysis of the obtained CP curves yields the total den-
sity of interface traps Ny, flatband voltage Vrp and thresh-
old voltage V. Similar measurements were performed on
both annealed and non-annealed structures with body dop-
ing of 10'® cm™3. The results are listed in Table 1.

As expected, the lowest density of interface traps is ob-
tained in the case of annealed structures with Ny, =
10" cm—3. Values of flatband and threshold voltages indi-
cate that CP curves of this structure are shifted to the left
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when compared to those of the other two structures. This
difference is most probably due to the annealing process.
The highest concentration of interface traps was found in
non-annealed structures with Nj,qy = 10'® cm ™. Since this
structure type had the worst quality of front-gate interface,
it was excluded from further investigations.

a)
107 ¢
: Vps =0.05V
: / ﬂjﬁﬁﬁgﬂmj
1070 L
< i
E | W=20 um
: —
5 108t Lo |
: : N,=10 cm
g Ei\:hn Vep=0V
| [m]
10710 L D:yj
i Vy=07V
o2l
Gate voltage [V]
b)
1074 ¢
7 Vps =0.05V
7 |:||:||:|uuu|.n.n_. iy = =
10_5 _poote
F =
F 0
< L q
< I
5
E 100}
: : W =20 um
4 i W20
: I 1 -
) | NA:108Cm3
Veg=0V
107 | -
E V,=03V
[ Ui
L o
10°8 /
Gate voltage [V]

Fig. 4. Drain current as a function of gate voltage: (a) Npoqy =
107 cm™3; (b) Npody = 10'8 cm—3, annealed.

Extraction of flat-band and threshold voltages from CP
curves yields only approximate values. For comparison
threshold voltage was also determined from transfer char-
acteristics of the drain current shown in Fig. 4 for devices
with body doping of 10'7 cm™3 and 10'® cm™3, respec-
tively.

It may be seen that values extracted from /-V curves are
lower by approximately 0.3 —0.4 V, which is partly due
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to the fact that current was measured at Vgg =0 V (much
more natural operation conditions) instead of —30 V used
in CP measurements to eliminate the contribution of the
back-interface to CP current. On the other hand, both
methods are in qualitative agreement indicating that thresh-
old voltage of transistors with body doping of 107 cm™3
is considerably higher than that of annealed devices with
Nbody =10"% cm3.

3.2. Two-level charge-pumping — back-interface

Similar analysis was performed for back-interface. To avoid
interface coupling the front-interface was biased in accu-
mulation (Vgr = —2 V). Typical CP curves obtained in the
case of structures with Np,qy = 10" cm™3 and annealed

a)
10.0 I ‘
| NMOS SOI
r- Vo =30V
[ W=20 um o 5V
80 HL=10pum
r 17 3
tN,=10 cm
L 1 20V
— b tpox=8.5nm
< 60, _ ]
= b fgox = 200 nm
= L *
§ - ;=100 nm 15V
. r
o 40 /f=100kHz .
@] L L3
FVp=Vs=0V 4
r Vo—ovy JAY
20 - 7
Fag=ap=15V/us
I p
0
-60 -40 -20 0 20
Back gate base voltage [V]
b)
2.5
[ NMOS SOI
[ =20 pm Vewp =30V
2.0 LL=10 pm
[N,=10"em”
[ 25y,
— | trox = 8.5 nm
é L5 | fgox =200 nm | 20
g |t =100 nm 5V,
s 1.0 | /=100kHz
o [ Vp=Vs=0V
FVgr=-2V
Fap=ap=15V/us
05 7 R~ 9F [
I 10V
0
-60 -40 -20 0
Back gate base voltage [V]

Fig. 5. Back-interface charge-pumping current versus back-gate
base voltage with back-gate voltage as a parameter: (a) Npogy =
10'7 ecm~3; (b) Npoay = 10'8 cm—3, annealed.
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structures with Npoqy = 10" cm—3 are shown in Fig. 5,

respectively. It may be seen that the maximum charge-
pumping current does not saturate in either case. Using
higher back-gate voltage amplitudes leads to a permanent
damage to the structure. If N; is determined from the
highest CP current obtained, the results are approximately
2.8-10!" em =2 for Npygy = 107 cm ™3 and 1.2-10'° cm 2
for Npogy = 108 cm™>. This is either much lower or com-
parable to the result obtained for front-interface (approx-
imately 1.7-10'2 cm=2 or 8.4-10'0 cm™2, respectively).
Normally, back interface has considerably lower quality
than the front-interface.

The obtained results could be due to the fact that the struc-
tures are damaged before the true maximum back-interface
CP current is reached. It is interesting to note that the CP
current is again much lower in the case of annealed struc-
tures with Njoqy = 10'® cm™3. This indicates that the an-
nealing process could have influenced positively the quality
of the back-interface, too.

3.3. Three-level charge-pumping — front-interface

Determination of the energy distribution of interface traps
from 3-level CP measurements requires the knowledge
of front-surface potential as a function of gate voltage.
Appropriate simulations were performed using SILVACO/
ATLAS software yielding both front and back surface po-
tentials.

1.2
r ‘ ‘ \ \
t =85nm Bulk MOSFET
| ox '
1.0 |- Z5ox=200 nm | et
[ t;=90nm ™
[ 17 3 SOI MOSFET
08 - N,=10 cm i
s [ Vgg=-30V
Z 06|
f‘..o’ [ Front surface potential
o 04 F
8 [
(ﬁ L
3 [ /
“ 0.2 |
0r Back surface potential |
L | | |
[P o cruratl R R R R

3.0 2.0 -1.0 0 1.0 2.0 3.0
Front-gate voltage [V]

Fig. 6. Front and back surface potential of a SOI structure simu-
lated as a function of front-gate voltage using SILVACO/ATLAS
software (simple, numerical simulation of surface potential in
a bulk MOSFET added for comparison).

The results are shown in Fig. 6 for body doping of
10'7 cm=3. For comparison, front-gate surface potential
was also calculated in a classical way, that is assuming
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a bulk MOSFET (with the same gate-oxide thickness and
substrate doping) instead of SOI one:

kT
VGF*VFB:7'G'F(<P3)+(PM (1)

where: kT /q - thermal voltage, G — ratio of intrinsic
semiconductor capacitance at flatband to gate-oxide capac-
itance, @, — surface potential and F(¢,) — the Kingston
function.

It may be seen that the surface potential calculated accord-
ing to Eq. (1) is in good agreement with that obtained
from SILVACO/ATLAS, meaning that there is little cou-
pling between the front and back-interface at Vgp = —30 V.
Moreover, the back surface potential is almost constant
in the investigated range of front-gate voltage, therefore
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Fig. 7. Energy distribution of interface traps obtained from

3-level CP measurements: (a) Npogy = 107 em—3; (b) Npody =
10'® cm—3, annealed.
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back-interface does not contribute to charge-pumping
current.

Formula (1) indicates that flatband voltage value is needed
to obtain the relation between gate voltage and surface po-
tential. The standard way to determine flat-band voltage
from 2-level charge-pumping measurements is to find the
front-gate base voltage at which the falling edge of the CP
curve reaches half maximum (approximately, —0.5 V in this
case). However, if this value is assumed for 3-level charge-
pumping, the obtained results have no physical meaning.
This is no surprise as the method of establishing Vrp value
considered here is only a rough guess. Since the Authors
of this paper had no other means to find the true value
of Vgp, the process of determining trap energy levels was
carried out for different values of flatband voltage until
the region where no meaningful measurement results could
be obtained coincided with the vicinity of midgap (trap
time constants near midgap are very long, therefore CP
current is too small to be measured accurately). This situ-
ation occurred at Vpp = —0.98 V. It may be seen in Fig. 3
that the transition between the flat part and the falling
edge of the CP curve takes place at approximately this
voltage.

The obtained energy distribution of interface traps is illus-
trated in Fig. 7. The region between 0.4 and 0.6 eV is too
close to midgap to be measured using 3-level CP.

A similar energy distribution of interface traps is shown
in Fig. 7a for annealed structures with body doping
of 10" cm™3. In this case obtaining meaningful results
requires assuming that flat-band voltage is —0.7 V (in-
stead of —1.0 V extracted from 2-level CP measurements).
It may be seen in Fig. 3b that —0.7 V is a voltage at which
CP current practically falls to zero.

In view of the above energy distribution of interface traps
presented in Fig. 7 may only be treated in qualitative terms.
Further studies are required to develop an efficient method
of Vrp extraction suitable for 3-level charge-pumping.

4. Summary

Charge-pumping measurements were performed on SOI
MOS transistors with different body doping and subjected
to different thermal processing. It was found that in all
investigated structures the total density of interface traps at
the back-interface was lower than that at the front-interface.
This is probably due to the fact that the investigated de-
vices were damaged before saturation of back-interface CP
current could be obtained. It was found that annealing in
N,/H; at 400°C had a very positive effect on the quality of
both front- and back-interface. Values of threshold voltage
extracted from CP curves are in qualitative agreement with
those obtained from transfer characteristics of drain cur-
rent. Preliminary results of 3-level charge-pumping were
presented, however further studies are needed to develop
an appropriate method of flat-band voltage extraction suit-
able for this characterization technique.
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Charge-pumping

characterization of FILOX
vertical MOSFETSs

Grzegorz Gtluszko, Lidia Lukasiak, Enrico Gili, and Peter Ashburn

Abstract—This paper presents for the first time the results of
charge-pumping (CP) measurements of FILOX vertical tran-
sistors. The aim of these measurements is to provide infor-
mation on the density of interface traps at the Si-SiO, in-
terface fabricated in a non-standard process. Flat-band and
threshold voltage, as well as density of interface traps are de-
termined. Good agreement between threshold-voltage values
obtained from CP and I-V measurements is observed.

Keywords—charge-pumping, FILOX, interface traps, MOSFET,
vertical MOSFET.

1. Introduction

Vertical transistors (VMOSFETs) offer increased packing
density when compared to standard CMOS transistors at
a defined technology node (e.g., [1]). So far several papers
have appeared discussing the structure of a vertical tran-
sistor, fabrication method and performance (e.g., [2—4]).
In terms of electrical characterization the analysis of
standard /-V and C-V characteristics has been presented
only.

Therefore, the aim of this paper is to address for the
first time the issue of interface traps in vertical transistors
through charge-pumping studies. While charge pumping
measurements of power double-diffused vertical transistors
(VDMOSFET) have been reported in, e.g., [5], the devices
investigated in that work are totally different from those
studied in this paper.

2. Experimental

The devices were fabricated by the University of Southamp-
ton using the self-aligned fillet (or spacer) local oxida-
tion (FILOX) that enables a thin second field oxide to
be grown in the active area without oxidizing the side-
walls of the pillars. For details of the fabrication process
(see [6]).

Process flow and a schematic cross-section of the device
with surround gate are shown in Fig. la. A photo of the
device is presented in Fig. 1b. Vertical transistors with two
different values of gate oxide thickness (7 nm and 4 nm)
were investigated.
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Fig. 1. Vertical MOSFET: (a) process flow and schematic cross-
section of a FILOX; (b) photo of the device.

3. Results of electrical characterization

3.1. Analysis of I-V characteristics

A family of output characteristics measured on MOSFETSs
with the same channel dimensions but gate oxide thickness
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of 7 nm and 4 nm is shown in Fig. 2. It may be seen
that the saturation drain current of 4-nm VMOSFETs is
more than an order of magnitude higher than that of devices
with 7-nm oxide at the same gate voltage. While significant
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Fig. 2. Output characteristics of a FILOX vertical MOSFET:

(a) tyy =7 nm; (b) f,x =4 nm.

enhancement of drain current is a positive consequence of
the reduction of gate-oxide thickness, considerable increase
of gate current is not. In Fig. 3 transfer characteristics of
7-nm and 4-nm VMOSFETs are shown, respectively, with
gate current added for comparison. As seen, gate current
is practically negligible in the case of 7-nm VMOSFETSs,
whereas for 4-nm devices it is comparable to the drain
current in the above-threshold region and much higher in
the subthreshold region (Fig. 3b). Thus, in terms of leakage
current the quality of 4-nm gate oxide is much worse than
that of the 7-nm oxide. Threshold voltage determined from
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Fig. 3. Transfer characteristics: (a) of a 7-nm FILOX vertical
MOSFET; (b) of a 4-nm FILOX vertical MOSFET.

the linear region and from transfer characteristics plotted in
logarithmic-linear scale is approximately 2.4 V and 2.5 V
for devices with 7-nm oxide and around 1.1 V for 4-nm
VMOSFETs.

3.2. Charge-pumping measurements

Charge-pumping (CP), in its numerous forms, yields in-
formation on the density, energy levels and other prop-
erties of interface traps. Its main advantage is the fact
that the device under test is a MOSFET, therefore no spe-
cial test structures have to be fabricated. The method con-
sists in switching the transistor between accumulation and
strong inversion and measuring the DC substrate current
that is caused by carrier recombination in interface traps.
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The maximum charge-pumping current Icpmax is a measure
of interface-trap density according to [7]:

Icprnax =AGq fNi, (1)

where: Ag — gate area, ¢ — elementary charge, f — gate-
signal frequency, Nj; — total density of interface traps per
unit area.

Equation (1) indicates that the maximum charge-pumping
current is proportional to gate-signal frequency. Therefore
the straight line obtained in Fig. 4 for devices with gate-
oxide thickness of 7 nm indicates that the measured current
is, indeed, related to charge-pumping. Similar results have
been obtained in the case of 4-nm VMOSFETs.

1.0 ‘
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< 0.
g | 4
g L
5 04 |
6 Tl 7
[ Device 11
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L W =27 um
0 100 200 300 400 500

Frequency [kHz]

Fig. 4. Maximum charge-pumping current as a function of fre-
quency (fox = 7 nm).
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Fig. 5. Charge-pumping current as a function of base voltage for
transistors located in several different chips (f,, =7 nm).
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Charge-pumping current measured as a function of base
voltage on transistors located in different chips (but all with
the same gate dimensions) is shown in Fig. 5 for gate-
oxide thickness of 7 nm. The results are comparable for all
measured devices, which indicates good spatial uniformity
of the fabrication process. In the case of 4-nm VMOSFETs
the discrepancies between CP curves obtained from devices
located at different chips are higher.
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Fig. 6. Charge-pumping current as a function of base volt-
age with gate-signal amplitude as a parameter (a) f,, = 7 nm;
(b) tyx =4 nm. The results of repeated measurement are marked
as squares.

The results of CP current measurements as a function of
base voltage with gate-signal amplitude as a parameter
are presented in Fig. 6 for gate-oxide thickness of 7 nm
and 4 nm. In the first case the amplitude of the gate signal
was successively increased from 1.5 V to 7 V and then
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the whole measurement sequence was repeated once. The
only difference in the case of 7,, =4 nm was that the ampli-
tude varied between 0.5 V and 1.5 V. The results of the first
measurement sequence are represented by solid lines, while
those of the second sequence by empty squares. Since the
difference between the results obtained in either sequence is
little, it may be concluded that measurements did not cause
visible generation of interface traps. It should be noted that
transistors with #,, = 7 nm did not break down even at high
electric fields in the gate oxide (> 10 MV/cm), while those
with 7, =4 nm were damaged at lower electric fields. This
indicates again that the quality of the 4-nm oxide is worse
than that of the 7-nm one. This is probably the reason for
our failure to obtain saturation of the maximum CP current
with increasing amplitude for 7,, =4 nm.

Comparison of the curves obtained at gate-voltage am-
plitude of 1.5 V and shown in Fig. 6 for devices with
gate-oxide thickness of 7 nm and 4 nm, respectively, in-
dicates that the maximum CP current is lower in the case
of t,x =7 nm. The possible reasons for this effect are:

— lower density of interface traps for 7,y = 7 nm (better
quality of the SiO,-Si interface);

— smaller part of the energy gap is investigated in de-
vices with 7-nm oxide (surface potential is a weaker
function of gate voltage than in the case of 4-nm
oxide);

— switching the devices with 7-nm oxides between ac-
cumulation and strong inversion is more difficult
at such low amplitudes because their threshold volt-
age is higher than that of transistors with 4-nm oxide.

Comparison at higher amplitudes of gate voltage could not
be made due to breakdown of the latter devices.

In the case of n-channel devices the location of the ris-
ing edge of the CP curve brings information on the value
of the threshold voltage Vr (shifted in the direction of
lower values by gate-voltage amplitude), whereas the lo-
cation of the falling edge is a straight indication of the
flat-band voltage Vrp [8]. The obtained values of the flat-
band and threshold voltage of a device with gate-oxide
thickness of 7 nm are shown in Fig. 7 as a function of
gate-signal amplitude. The value of flat-band voltage is ap-
proximately 1 V, and a weak dependence on gate-voltage
amplitude is observed. If the amplitude is sufficiently high,
the values of threshold voltage saturate at the level of 2.6 V,
which is in very good agreement with values obtained from
1I-V curves. It should be noted, however, that saturation of
the CP curve would be expected in this case at gate-voltage
amplitudes of 2 —3 V, while in reality amplitudes of at
least 5—6 V are required. The explanation of this phe-
nomenon is not known at this stage.

In the case of device with #,, = 4 nm both flat-band and
threshold voltage are strong functions of gate-voltage am-
plitude. This again is most probably due to the fact that no
saturation of the maximum CP current could be obtained
for those devices.
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Fig. 7. Flat-band and threshold voltage as a function of gate-
signal amplitude (#,x = 7 nm).

As it had been mentioned before, the maximum charge-
pumping current is used to determine the total density of in-
terface traps Nj;. Since it was not possible to obtain well-
behaved CP curves in the case of 7,, =4 nm, only devices
with gate-oxide thickness of 7 nm are considered here. In-
terface trap density N; measured for devices with different
channel width varies between 1.3-10'' cm™2 to 10'? cm™2
in a random manner. The reasons for these variations are
not known at this stage.

4. Conclusions

Charge-pumping measurements were performed for the
first time on FILOX vertical transistors. Well-behaved CP
curves were obtained in the case devices with gate ox-
ide thickness of 7 nm, whereas no saturation of CP cur-
rent was obtained for VMOSFETs with ¢,, =4 nm, most
probably due to high gate leakage current. For devices
with #,, =7 nm values of flatband and threshold volt-
age, as well as total density of interface traps, were deter-
mined. Threshold-voltage values were in good agreement
with those obtained from I-V curves. Further studies are
required to explain why considerably higher gate-voltage
amplitudes than indicated by V7 and Vgp values are needed
for the CP current to saturate, and why interface trap den-
sity varies for devices with different channel length.
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Arbitrary waveform generator
for charge-pumping

Marcin Iwanowicz, Zbigniew Piéro, Lidia Lukasiak, and Andrzej Jakubowski

Abstract—The paper presents a new signal generator for
charge-pumping. Modular structure of the generator is dis-
cussed with special emphasis on signal-generation module con-
sisting of five independent signal channels. Digital signal syn-
thesis is chosen to minimize inaccuracies. Noise analysis is
performed to demonstrate the validity of the design of signal
channel. Calibration procedure is also discussed.

Keywords— arbitrary waveform generator, calibration, charge-
pumping, digital synthesis, noise.

1. Introduction

A new signal generator for charge-pumping (CP) is pre-
sented. Charge-pumping is one of the most versatile meth-
ods to estimate the quality of the Si-SiO; interface of MOS
structures. It enables determination of such parameters
as: average density of interface traps, energy distribution
of interface traps and capture cross-sections, distribution
of interface traps along the channel, rough estimation of
flat-band and threshold voltages. New generations of MOS
structures impose new requirements on CP measurements.
For example, due to reduced gate-oxide thickness, gate-
voltage amplitude has to be lower, thus voltage resolution
becomes of importance.

2. Charge-pumping

Charge-pumping is widely used to characterize interface
traps in MOS devices. It consists in measuring sub-
strate DC current induced by repeated switching of a MOS
transistor between strong inversion and accumulation as
shown in Fig. 1. The main component of the measurement
set-up is signal generator. The main task of this generator
is to provide gate pulses that switch the investigated struc-
ture between accumulation and strong inversion, but also
to generate appropriate bias voltages for the source and
drain, and possibly for the back gate of silicon-on-insulator
(SOI) devices. The density of interface traps is described
as [1]:

Iy
D = 1
" GAfAE’ 0

where: 1., — measured charge-pumping current, g — ele-
mentary charge, A — gate area, f — gate signal frequency,
AE — energy range of traps participating in charge-pumping.
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Fig. 1. The principle of charge-pumping: (a) measurement setup,
(b) charge-pumping current versus base voltage [11].

Amp.
A A A A A A
Ay | i .
4, >
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pumping

Fig. 2. Waveform of the applied voltage versus time for a “stress
and sense” measurement [11].
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Many different versions of charge-pumping method have
been developed, such as [1, 2]:

e two-level method (square pulses) with constant am-
plitude, gate-voltage base level or top level;

e two-level method (trapezoidal pulses) with variable
rising/falling time;

e two-level method (symmetrical or non-symmetrical
triangular pulses) with variable frequency;

e three-level method (square pulses with additional
middle level) with variable pulse duration;

e and “‘stress and sense”, composition (see Fig. 2)
charge-pumping and other methods (C-V, I-V) with
pulse stress [11].

3. Generator parameters

The available generators have usually high output noise
(up to 70 mVyp) [3]. The obtained measurement results
are therefore averaged over several kT /¢, which may shade
the details of the shape of the measured quantity. This un-
desirable effect may be further intensified by low resolution
and very low precision.

The generator must provide several synchronous multi-
phase voltage signals. In the case of a typical SOI structure
at least four channels are necessary: two for independent
biasing of source and drain and two for front and back
gate. A fifth channel is added for future applications. The
electrical parameters of the generator should be suitable for
measurement of modern semiconductor devices with small
geometry and thin gate dielectric. It should be remem-
bered, though, that the final values of these parameters are,
to a large extent, determined by electronic components used

Table 1
Basic parameters of the generator

Parameters Values

Number of channels 5
108 V/s (100 V/1 us)

Maximum rising/falling rate
of the output voltage

Output voltage range £5 Vpp (into 50 Q)

£10 Vyp (into open circuit)

Phase duration min -50 ns

max —20 s

Triggering internal and external

Trigger pulses for other
equipment

2 per channel

0.15 mV (into 50 Q)
0.30 mV (into open circuit)

Voltage resolution

Resolution of phase duration | 5 ns
Noise (with 50 Q load)

+1 mVrms
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to build the generator (DAC, FPGA, etc.). The parameters
of the presented generator are shown in Table 1.

4. Arbitrary waveform generator (AWGQG)

In the vast majority of cases charge-pumping does not re-
quire truly arbitrary signals but vector ones [4]. Limiting
the generator to this class of signals results in considerable
simplification of the design and enables digital synthesis to
be used to shape the output signal.

The generator consists of three modules: main module,
power module and signal-generation module (5 channels),
see Fig. 3 [4]. They have been defined to ensure the highest
possible autonomy of each module. In this way the amount
of data exchanged between modules is minimized.

Channel 1

i H b ! H
H H

Master module ’ ’

Channel 2 Channel 3 Channel 4 Channel 5

Power module

Fig. 3. Diagram of signal generator.

The task of the main module is to ensure communication
between the channels of the signal-generation module and
the outside world (usually a PC). Moreover, the module
checks and updates the status of each channel of the signal-
generation module. The role of the power module is obvi-
ous. It provides the supply bias necessary for the operation
of the whole device. The signal-generation module (5 chan-
nels) is the most important module of the generator as it
produces the desired signals necessary for characterization
of semiconductor devices. Each channel is in the form of
EURO CARD 3U.

4.1. Main module

The main module programs/controls all signal channels as
well as provides communication between the generator and
external computer. The module reads the status of each
signal channel and sends this information to the computer.
It also reads the information on signal parameters from the
computer and sends it to the appropriate signal channel.
The generator is seen by the computer as a USB mass-
storage device.

4.2. Power module

The power module provides supply bias necessary for cor-
rect operation of the whole generator. It protects the gen-
erator from overvoltage and monitors the supply bias. In
the case of inappropriate supply bias the module may turn
the generator off to avoid damage.
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4.3. Signal-generation module

As it was mentioned before, the signal-generation module
consists of 5 independent signal channels. A channel con-
sists of (Fig. 4.):

— synthesis block (FPGA structure);

— analog block;

— control block with SiLabs C8051F064 microcon-
troller;

— calibration circuit with two analog-to-digital convert-
ers (ADC) integrated in the microcontroller.

Synthesis
= Offset =
X :
ERs) N AWG
& & FCoRE :

Control Calibration

Interface j

Fig. 4. Block diagram of the signal channel.

4.3.1. Synthesis block

As it was mentioned before, the class of the generated sig-
nals was narrowed to vector signals. Therefore each phase
of the generated signal may be described with three param-
eters, i.e., offset, duration and slope (in the case of constant
voltage the slope is zero).

Ve ‘E
¥l o
o
& Accumulator
<
s A SIS, S dder 2 »Out
‘éé _‘z_ Adder 1 é >
Tg g ACLR-
= CLK | 2
g Timer } = LOAD g
AT | E £ g g
§ g g AleB g
5]
=4 O 8
Const

Fig. 5. Diagram of the synthesis block.

Signal synthesis is performed using two components: an
accumulator and a timer (Fig. 5). Synthesis of a ramp
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phase of the pulse consists in adding an appropriate voltage
increment AV to the accumulator every elementary time in-
crement AT (period of CLK clock) until the timer signals
the end of the phase. In the case of a constant voltage the
value contained in the accumulator does not change [4].
The signal may be additionally modified by an offset volt-
age Vj. To ensure smooth transition between signal phases,
the control block starts preparation of the next phase a cer-
tain period of time (9 clock periods) before the current
phase is completed. This is achieved by means of compar-
ing the time measured by the timer with the phase duration
as shown in Fig. 5. The accumulator data is 32-bit long
with the upper 16 bits representing the integer part of the
voltage to be obtained and the lower 16 bits representing
the fractional part. Only the upper 16 bits are connected to
the digital-to-analog converter (DAC) input, therefore the
errors associated with addition do not exceed 1LSB.

The input data for the offset, accumulator and timer
(Vo, AV and AT in Fig. 5) are held in a dual-port RAM
(Fig. 6). The memory receives data describing the signal

Dual port memory

Mux A Memory matrix njux B

Data <:> g Bank A 5 ::> Vo
Address —=) § z =>AV
g = [a) :
RW, WR = 5 Bank B ::DAT
A = :

Fig. 6. Diagram of dual-port static RAM.

to be generated from external circuits and provides this data
to the signal-synthesis block. Due to the fact that the mem-
ory is equipped with two ports, the accumulator and timer
may read the data while the parameters of the new signal
shape are written to the memory. The synthesis block was
designed and implemented in a CYCLONE FPGA from
Altera.

4.3.2. Analog block

The analog block consists of a DAC (with all components
necessary to ensure its proper operation) and two opera-
tional amplifiers Opl and Op2 (Fig. 7). The first is oper-
ating as a differential amplifier (with gain G; = 2). The
second op-amp is an amplifier output buffer (G, =5).
The noise at the output of the DAC results from arithmetic
errors (mentioned in the description of the synthesis block),
non-linearity, temperature drift and quantization errors. To
calculate the total noise at the output of the analog block
the noise of both operational amplifiers has to be taken
into account. For this purpose we assume that the clock
frequency is 200 MHz and bandwidth is 30 MHz.

The RMS noise Vy4 of the DAC (MAX 5888) resulting
form arithmetic errors is 35 uVgrms (1 LSB). Its non-
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A
:> rc Y
/ B + AN

Fig. 7. Circuit diagram of analog block.

linearity Vyyr is £0.003% FS (i.e., 2 LSB) [5], thus the
quantization noise may be estimated as 50 uVgrms (2 LSB).
The total RMS noise at the DAC output is therefore:

Vpac = \/ Vs + Vi, = 61 UVrus. 2)

To continue noise analysis the circuit illustrated in Fig. 7
should be transformed as shown in Fig. 8. The input com-
ponents of noise density calculated based on Fig. 8 are
listed in Table 2.

Fig. 8. Analysis of the noise generated by the operational am-
plifier Opl.

To calculate voltage components of noise density associ-

ated with e, e; and e3 the widely-known formula was
used [6]:

Vi = \/4KTR;B, 3)

where: k — the Boltzmann constant, T — absolute tempera-
ture [K], R; — resistance, B — bandwidth [Hz].

It is assumed that current components of noise density
associated with i; and i, are 1 pa/v/Hz [7] and the
voltage component of noise density associated with ep
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is 5.2 nV/v/Hz [8]. The noise density components iden-
tified in Fig. 8 are listed in Table 2.

Table 2
Noise density components
(T =20°C, B=30 MHz, Go,1 =2)

Input Noise density | Gain factor | Noise density
component before of input at output
of noise amplification | components
voltage/current of noise density | [nV/v/Hz]
ep = OplNOISE 5.2 nV/v/Hz G=2 10.4
e3 1.2 nV/VHz G=2 2.4
e 1.4 nV/\VHz G-1=1 1.4
el 2 nV/\/Hz 1 2
i 1 pA/vHz Ry 0.20
in 1 pA/vVHz R3-G ~0
Y 16.4

The total noise density SNDg,1 at the output of Opl is
16.4 nV/v/Hz and the total RMS noise is

Vivopt = SNDop1 VB =90.18 VR - 4)

At the output of amplifier Op2 (Gppz = 5) one obtains:
Vvop2 = VNopt Gopz = 450 UVRrums . Q)

The total noise of the analog block is therefore:
Vivtoral = £/ Viopa + Vipac

=4/(450)2+ (61)2 =~ 455 UVRus - (6)
As a result of a 16-bit DAC and appropriate arithmetic the
“digital” noise is totally negligible in comparison with the
noise generated by the analog part of the block. Since RMS
noise at the output of signal generator is ~455 UVRrwms

we may assume that the accuracy of the generated signal
is =1 mV.
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4.3.3. Control block

The control block is based on SiLabs C8051F064 micro-
controller equipped with two 16-bit analog-to-digital con-
verters that are used for calibration and on-line correction
of the signal. The main task of this block is to provide
communication with the main module in the SCPI stan-
dard (over internal RS-232 interface).

Moreover, the control block is responsible for preparation
of the necessary data for the signal-synthesis block. The
parameters of the generated signal are calculated based on
the data received from the main module and calibration
table and then written to the dual-port RAM implemented
in FPGA.

4.3.4. Calibration block

Temperature drifts of the MAXS5888 16-bit DAC used
in the analog block are quite substantial (offset drift:
450 ppm/°C, gain drift: £50 ppm/°C). This means that the
accuracy of the generated signal will be less than 14 bits
if the temperature changes even by 1°C. If we assume that

Calibration consists of three processes:

Autocalibration — the self-calibration of the calibration
block — the inputs of the ADC are successively connected to
the minimum and maximum voltage (from reference) and
calibration coefficients A; and B; (see Fig. 10) are calcu-
lated based on the obtained results:

A_Y]*Yz 7
I_X1*X2’
Y — )X
Bi:YZf(;(iz)2 (8)
1—X2

where: X;, X, — digital representation of the minimum and
maximum voltage (0000h i FFFFh), Y7, ¥> — results of con-
version. This procedure is performed every time the gen-
erator is switched on.

+15V BV
- 2R | Opd : ADC
Up=+10V - [ ] | Op3 5 5
e + T —w 5V
Uppr=-3V = . 15V | 2R LR B - Inside pC
Upii=+5 V . Y Upy0..2.5V
IH+—e
gl 4
8
£ | 4

Fig. 9. Circuit diagram of the calibration block.

the output voltage range is 10 V (£5 V) and the accuracy
of the generated output voltage is to be £1 mV, 15-bit reso-
Iution is required (total error at the level of 30 ppm). Such
parameters may be obtained if at least 16-bit ADC is used
for calibration.

The calibration block consists of:

— two 16-bit unipolar analog-to-digital converters
integrated in the C8051F064 microcontroller of
SiLabs [9];

— precision voltage reference +5 V VRE405 of
THALER CORPORATION with the total thermal
drift < 3 ppm/°C [10];

— multiplexer (controlled by the microcontroller)
with inputs connected to +5 V reference voltage,
—5 V reference voltage, ground and signal taken di-
rectly from the generator output (see Fig. 9.);

— voltage-level converter from +5 V to 0/2.5 V, ac-
cording to Fig. 9.
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e Hz AZ,BZ

Fig. 10. Diagram of calibration.

Calibration of the analog block — two digital represen-
tations corresponding to the extreme values of the volt-
age range are written to the DAC inputs. The obtained
voltages are then measured by the ADC. Calibration coeffi-
cients Ay, By (see Fig. 10) are determined as in the previous
case with X; and X, being the values written to the DAC
and Y and Y> being the values read from the ADC. This
routine is performed every time correction indicates the er-
ror exceeding a selected threshold (AA;, ABy, see Fig. 10).
The generator must be warm and the measurement set-up
fixed.

Correction — in-flight calculation of corrections to calibra-
tion coefficients. This stage is necessary due to ambient
changes (temperature, humidity, etc.). Calibration coeffi-
cients are calculated again, the difference being that the
digital representations fed to the inputs of the DAC are
now the levels of the currently generated signal, not ex-
treme values. One ADC cannot measure two levels of the
output voltage because its sampling and conversion time is
too long. Therefore, correction is performed by two ADC’s.
The routine is triggered at user’s request at selected levels
of the generated signal. If the difference between the pre-
vious and current calibration coefficient exceeds an admis-
sible threshold, calibration procedure should be performed.
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5. Summary

Progress in the area of semiconductor devices requires mea-
surements with ever smaller voltage amplitudes, therefore
digital synthesis is the best way to design a signal generator.
Even though a digital generator yields a starcase signal, it is
not necessarily worse than a fully analog generator. This is
because the quantization noise is almost an order of magni-
tude lower that the thermal Johnson noise introduced by the
components used to build the analog block. Digital syn-
thesis allows the analog block (the biggest source of noise)
to be minimized, therefore generators with digital synthesis
are pushing analog generators out of the market.
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Electron mobility and drain

current in strained-Si MOSFET

Jakub Walczak and Bogdan Majkusiak

Abstract— Electron mobility and drain current in a strained-
Si MOSFET have been calculated and compared with the
mobility and drain current obtained for the relaxed mate-
rial. In the first step, our mobility model has been calibrated
to the “universal mobility” according to the available exper-
imental data for unstrained Si MOSFETS. Then, employing
the mobility parameters derived in the calibration process,
electron mobility and the drain current have been calculated
for strained-Si MOSFETs.

Keywords— electron mobility, strained-Si MOSFET.

1. Introduction

Employing strained Si in MOSFET channel may signifi-
cantly improve the performance of the device by an in-
crease of electron mobility due to strain-induced alteration
of the energy band structure. Therefore, the strained-Si
technology is a promising solution for ultra-scaled devices
and undergoes an intensive research work along with suc-
cessful introduction to the market [1].

In this work, electron mobility and drain current for both:
a relaxed-Si and a strained-Si MOSFETs have been mod-
eled. In the first step, our mobility model has been cal-
ibrated to the “universal mobility” according to available
experimental data for unstrained Si MOSFETs [2]. Then,
employing the calibrated mobility model with parameters
derived in the calibration process, electron mobility for
a strained-Si MOSFET has been calculated, and finally, the
drain current has been calculated for a strained-Si MOS-
FET designed as a template device for the SINANO Project
Deliverable D4.14 on strained silicon [3].

2. Mobility calculation

According to the idea of this work, our electron mobility
model should be calibrated to the “universal mobility” of
experimental data for unstrained Si MOSFETs, and then it
should be employed to a strained-Si MOSFET, with literally
the same mobility parameters as those used to calculate the
mobility for the unstrained device. The modeled strained
devices should be bulk NMOSFETs with strained-Si chan-
nel layer resting on the Sip3Geg, virtual substrate.

Our electron mobility model is based on the relaxation time
approximation, including the mobility components limited
by the phonon scattering, the Coulomb scattering, and
the surface roughness scattering. The effective mobility is
calculated by combining these components according to
Matthiessen’s rule.

First, the potential and carrier concentration distributions
have been obtained by self-consistent solution of 1-di-
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mensional Poisson and Schrédinger equations, giving also
quantized energy levels and envelope wave functions in the
direction z perpendicular to the surface. Figure 1 shows an
example of band diagram for a strained-Si bulk MOSFET,
illustrating also the distribution of electron concentration,
and energy levels along with the eigenfunctions (only the
non-primed series of eigenstates is shown). In the calcu-
lations open boundaries have been assumed, i.e., the wave
functions are allowed to penetrate into the oxide. Band off-
sets for strained-Si/SiGe interface are calculated according
to [4, 5].

. : 1
08 = Isiol2 Relaxed Si, 4Ge ,
0.6 71
S Conduction
1~ r 0.8
04 band edge —
0.2 =
= P g
L 0 V% Ergn 1 062
> =
202 17 5
2 N,,=310"cm 2
A 04 : 20 3 r04 g
Nyopy =10 cm g
20.6 1 Electron ; S
concentration L srained-si = 13 M S
-0.8 7 Tox =2 nm F 0.2
1/ Ves=1V
12 ‘ ; ; : ‘ ‘ 0
-5 0 5 10 15 20 25 30
Distance z [nm]

Fig. 1. Energy band diagram for a strained-Si bulk MOSFET.

A silicon layer, when grown on a Si;_,Gey substrate, is sub-
jected to biaxial tensile strain, due to a mismatch be-
tween lattice constants of the materials under consideration.
This strain rearranges the energy band structure within the
strained layer. It separates the non-primed series of eigen-
states from the primed series, shifting the latter up, thus
promoting electron occupation in the non-primed energy
subbands, which, in turn, is beneficial for electron mo-
bility, since the transport effective mass for electrons in
the non-primed subbands is smaller than for those in the
primed subbands. Moreover, due to the separation of the
non-primed and primed subbands, the intervalley scattering
is significantly suppressed in the strained silicon. Addition-
ally, the strain produces a discontinuity of the conduction
band edge at the interface between the SiGe layer and the
strained-Si layer, which can be observed in Fig. 1 as a po-
tential step, thus confining the electrons still more within
the strained channel layer. The above effects contribute to
a significant mobility enhancement and make the strained
silicon so attractive as a material for MOSFET channel.
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Phonon scattering rates have been calculated within the ap-
proximation of isotropic effective acoustic deformation po-
tential, which was assumed to be D,. = 12 eV. Moreover,
intervalley phonon scattering was included, and a set of
phonon parameters was employed which involves a stronger
coupling for intervalley phonons [6, 7] than typically used
for unstrained silicon [8], and therefore reflects the mobil-
ity enhancement observed in strained-Si channels. So, the
following intervalley phonons have been included: a single
phonon of type-f: E; =59 meV, Dy = 8.0-10% eV/cm,
and a single phonon of type-g: Ej; = 63 meV, Dy =
8.0-10% eV/ecm. No surface optical phonons were con-
sidered.

The matrix element for surface roughness scattering in-
cludes:

— the component due to the geometrical shift of the
potential energy:

M= [&@8aV /@8, M)

— the components due to the influence of the deviated
plane and image potential modification [9].

The screening effect has been applied according to the
Thomas-Fermi approximation with the finite extension of
the wave function. Exponential spectrum was assumed with
Avms = 0.22 nm, Ag = 1.5 nm.

Screened Coulomb scattering potentials induced by impuri-
ties located in the substrate were found by numerical solu-
tion of Poisson’s equation [10-12] across the semiconduc-
tor and the oxide (infinite oxide thickness assumed), see
Egs. (2) and (3). No interface states and remote charges
have been included:

¢si(q,2:20) = /le ¢si(g,21,20)
0

X{—;‘éi(m)|ZSi0/dZ2|€i(Zz)‘zéeXp (—q|z—zZ|)}

+-——exp(—qle—z0|) +Arexp(—qz), 2)

2€s5iq

Pox(4,2:20) = exp (—gqlz—z20|) +Azexp (—gz).  (3)

2&,xq
Figure 2 shows the calculated electron effective mobility as
a function of the effective field for unstrained MOSFETs,
compared with the experimental universal mobility curve by
Takagi et al. [2]. Simulations for all substrate doping levels
were carried out employing the same scattering parameters
mentioned above, calibrated to obtain the best possible fit
to the experimental data.

Figure 3 shows a comparison of the dependence of the ef-
fective mobility on the effective field for strained MOSFETSs
and unstrained MOSFETs for doping levels of 3-10'7 cm ™3
and 3-10'"® cm—3, while Fig. 4 presents the enhancement
of electron mobility obtained in the strained devices relative
to the unstrained ones, as a function of the effective field.
As can be seen, strain induces a mobility enhancement of
the order of several dozen per cent.
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Fig. 2. Effective mobility versus effective field for unstrained
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Fig. 4. Electron mobility enhancement versus effective field for
two substrate doping levels.
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3. Drain current calculation

Having calibrated mobility model, the next step was the
calculation of the drain current for an n-channel strained-Si
bulk MOSFET, which was designed as a template device
for the SINANO Project Deliverable D4.14 on strained sil-
icon. The parameters of the transistors were as follows:
channel length L = 25 nm, oxide thickness T,y = 1.6 nm,
oxide dielectric constant K,y = 7, acceptor doping level in
the channel: Ny, =3-10'% cm™3. In spite of ultrashort
channel to be modeled, we calculated the drain current
within the long channel approximation, according to the
Pao-Sah model [13], by integration of the product of the
electron charge Q;,, and the electron mobility L, ss over the
quasi-Fermi level split u, along the channel:

Vsg+Vps

du, Hefy Qiny - 4)

W kT
Ip=—— =L
b="7

Vs

The current was calculated in two independent routines.
First, the potential and charge distributions along with the
energy levels and envelope functions were obtained and
stored for all desired gate voltages and quasi-Fermi level
splits related to the considered source-drain voltages. Next,
the stored data were post-processed in order to calculate
electron mobilities and carry out the integration according
to the drain current model.

0.004
—@— strained device
—O— unstrained device
0.003 -
Template bulk
=) NMOSFET
=l
< 0.002 -
= W=1pum
2
L=25nm
0001 | Tocm1Omm
Ny, =310 cm
Vps=11V
0 : .
0 0.20 0.40 0.60 0.80 1.00 1.20
Vs [V]

Fig. 5. Transfer characteristics for the unstrained (open symbols)
and strained NMOSFETs (closed symbols).

Figure 5 shows an example of the calculated drain current
transfer characteristics obtained for the drain-source voltage
of 1.1 V. As a consequence of the mobility enhancement,
an enhancement of the drain current is obtained for the
strained-Si MOSFET.

4. Conclusions

In this work electron effective mobility and drain current
for both strained-Si MOSFETs and unstrained MOSFETs
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have been calculated. Significant enhancements of the mo-
bility and the current have been obtained, resulting from
the biaxial tensile strain in the channel layer.
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Modeling of the inverse base

width modulation effect in HBT transistor
with graded SiGe base

Agnieszka Zareba, Lidia Lukasiak, and Andrzej Jakubowski

Abstract—A model of the position of the edge of emitter-base
junction in the base and collector current pre-exponential ide-
ality factor in HBT transistor with a SiGe base is presented.
The model is valid for transistors with nonuniform profiles of
doping and Ge content. The importance of taking into ac-
count the dependence of the effective density of states in SiGe
on local Ge content and that of electron diffusion coefficient
in SiGe on drift field for modeling accuracy is studied.

Keywords— heterojunction bipolar transistor, SiGe, base width
modulation.

1. Introduction

SiGe heterojunction bipolar transistors (HBT) are widely
used in wireless and high-speed digital communications
due to their many advantages over Si bipolar junction
transistors (BJTs): higher current gain (f3), cut-off fre-
quency (fr) and early voltage (V4). SiGe HBTs are a low-
cost alternative to GaAs technology. Moreover, they offer
great flexibility in design of germanium content profile in
the base.

In SiGe HBTs band gap grading gives rise to a drift
field, which aids the minority carrier transport through the
base. However, in transistors with steep Ge grading in the
base, collector current (J¢) is more affected (in comparison
with BJT) by the so-called “inverse base width modulation
effect”, e.g. [1]. This effect is connected with the collector
current dependence on the position of the edge of emitter-
base junction space-charge region (SCR) in the base (xp),
which varies with emitter-base voltage (Vpg) changes. In
the HBT case, this position determines not only the width
of electrically neutral base but also the germanium content
at xo. Shrinking of SCR in a forward-biased emitter-base
junction increases the effective base width, which in turn
lowers Je. In addition, Ge content at xy decreases and
so does the difference between emitter and base band gaps.
This results in lower injection of minority carriers and lower
values of J¢ (i.e., B). A collector current pre-exponential
ideality factor m is defined as [1]:

KT 1 die
q Jc dVgg

=1-6m<1. (1)

The inverse base width modulation effect in SiGe-base
HBTSs has been calculated numerically (e.g., [2]). For tran-
sistors with exponential doping profile in the base, an an-
alytical model of m has been presented in [1]. In this
model two important effects have been neglected: the de-
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pendence of the diffusion coefficient (D,sige) on the drift
field (F) and the dependence of the effective density of
states in SiGe (Nysige, Ncsige) on local Ge content in the
base (yge). Moreover, this model needs a complicated pro-
cedure for determining the position of x( involving numer-
ical simulations.

A model of x( for AlGaAs HBT with graded base has been
derived in [3], but it is only valid for constant base doping.
This model is not quite appropriate for SiGe-based HBT
case, because of the differences in the energy band dia-
grams of those two transistor types. Moreover, it assumes
constant effective density of states throughout the whole
transistor, which is not true for Si/Si;_,Ge,/Si structure.

The aim of this paper is to present a new extensive model
of xo and m. To determine xo the Poisson equation is ex-
amined with mobile charges in SCR taken into account.
Moreover, nonuniform doping and Ge profiles in the base
are considered for the first time.

Our model of m incorporates not only high-doping effects
and the dependence of band gap and D,sige on local yge in
the base (similarly to [1]), but also the dependence of the
effective density of states in SiGe on yg.(x) and the depen-
dence of D,sige on the drift field in the base. Moreover, it
is valid for any doping and germanium profiles in the base
of HBT.

2. Model

In this paper we focus on n-p-n SiGe-based HBT properties,
but the treatment in this section holds for all heterojunc-
tions with nonuniform composition. The only assumption
is constant electron affinity () (x) = const) along the whole
structure, which is a good approximation for a Si/Si;_,Gey
structure. Moreover, the presented models easily extended
to include the dependence of )y on material composition
(see, e.g., [3]).

In further considerations material parameters are defined as
follows. Intrinsic carrier concentration in the SiGe base is
given as [4]:

AEGerF(x)
nz'ZSiGe(x) = V(x)”izosi exp (?()

= Y(¥)nos; exp <AEGGe 2 :TAE"A””(”) 1e)

where: njpsi — intrinsic carrier concentration in pure sili-
con, AEggrr — the effective band gap narrowing in the base
due to the presence of Ge (AEgge) and due to heavy dop-
ing effects (AEgapp). It is assumed that band gap depends
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linearly on yge (7.5 meV per 1% of Ge, e.g., [4]). The
model of Klaassen-Slotboom-de Graaff [5] was chosen to
describe AEgapp. The ratio of the effective density of states
in a SiGe base to that in a silicon one is defined in the fol-
lowing way as a function of Ge content (for yg, > 0.01) [4]:

NcsiGe (X)NysiGe
o) = MCISGD) _ oy (5, ) . )

We also assume that Ncsige = 2/3Ncs; [6].

The model of intrinsic carrier concentration in Si (n;s;)
adopted here takes into account the apparent band gap nar-
rowing due to high doping concentration (AEgapp).

2.1. Position of the edge of emitter-base junction
space-charge region in the base (xp)

The energy band diagram of emitter and base regions of
a HBT with exponential doping profile (N4(x)) and lin-
early graded Ge content (yge(x)) in the base and constant
doping in the emitter region (Np) is presented in Fig. 1.

Position x
A O 0 Xo W
*TT ; v
=<
1 LS
N
S 1 I =
| 1
> | 1
1 d
| 1
v! 1
5l [ I
N
5} 1
=]
&3] 1
I -
E, |=-=F="
1
|
|
1
E,
|
1

Fig. 1. Energy band diagram of emitter and base of a HBT with
exponential doping profile and linearly graded Ge content in the
base and constant doping in the emitter region.

As usual, Ec(x) = —¢V(x), Ey(x) = —¢qV(x) — Eg(x).
Moreover, we assume that ¢V (xp) = 0. The built-in po-
tential of the junction is

Viun (x0) =V (—xu) —V(x0) = Var — Vaase(x0),  (4)

were Vjp is the potential drop across the emitter-base junc-
tion and the base:

Vip = V(*xn)*V(WB) = k—Tln <MZB)]VE>
q nisi
+EG(WB)_EG(_XH) + k—T In (M) —VpE
q q Ny (Wp) )
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and Vpagg is the potential drop across the base:
Vpase(xo) = V(Wp)—V(xo) =V (W5)—0

kT Ny (x()) EG(X()) — EG(WB)
7111 (NA(WB)) " q

kT Ny (Wg)
+7]n (Nv(xo) > '

(6)

For low injection level, it may be assumed that the
concentration of majority carrier at SCR boundaries is
p(x0) =~ Na(xo) and n(x,) ~ Np(x,). Therefore, the car-
rier concentration in the base part of SCR (0 < x < xg)
may be approximated as:

Ny (x) exp (EG(XO)—EG(X)—CIV(X)) o

Pp(x)=Na(xo)

Ny (xp) kT
n2 : X X
np(x) = ]f,f()fo;’ Lexp <qz(T )> ®)

and in the emitter part of SCR (—x, <x <0):

nn(x) = Npexp (q (V(X) ;;/,JUN (Xo))) ) )
() = 1 exp (cz(ww(xo)—wx))) 10
" Np kT '

Considering mobile charges in the junction SCR, the stan-
dard procedure (e.g., [3]) is applied to solve the Poisson
equation for the base and the emitter SCR. As a result the
following set of equations is obtained:

0+~ F(xp)? = 2T {NA L | (4, (0)-Na(x0))

£siGe kT
0 -ngla) . (an
Lo 2KT q(V(0) — Viun (x0))

+ (pn(())*pn( *xn)) + (”n(o) ND)} - (12)

To relate the electric field to SCR boundaries, we em-
ploy the depletion approximation and integrate the Poisson
equation once to obtain equations F(0~) = f(Np —x,) and
F(0%) = F(xo) = f(Na(x), xo).

Combining the sets of equations described above with the
condition that the electric flux density must be continuous,
the value of xp may be calculated numerically using the
Newton method (for more details see, e.g., [3]).

In our model the dependence of the dielectric constant in
the base (€sige) On yge(x) is taken from [7]. Assuming,
however, that xo is small and &gige changes only slightly
between x = 0 and x = xg, in our calculations we assume
that in this region &s;ge = const = 0.5 [SsiGe (0) + €siGe (xo)] .
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2.2. Collector current pre-exponential ideality factor (m)

The collector current density of a SiGe HBT with arbitrary
Ge and doping profiles may be expressed as [8]:

gexp (qVBE )
I KT
C=
/‘ Na(x) Na(Ws)
W nz'ZSiGe (%) Dnsice (x) nz'ZSiGe(WB)vSAT
qVsE
—Jcoexp( T ), (13)

where: vgar — saturation velocity of electrons.

The model of D,sige in the SiGe base used in our analysis is
described as D,;siGe0 = DynreiPrsio, Where D, sigeo 1S electron
diffusion coeflicient in SiGe for low drift fields and D,,,;
is parameter dependent on Ge content [7]. The impurity-
concentration-dependent diffusion coefficient D,sjp in sili-
con is taken from [9]. The D,sige dependence on the drift
field F in SiGe is also defined similarly to the case of sili-
con [9].

Substituting Eq. (13) into Eq. (1) one obtains:

_kT 1 dJe 1 kT NA(X()) Jco 9xp
q Jc dVpe q "o (%0)Dysice(x0) g OVaE
(14)

3. Results and discussion

As it was mentioned above, SiGe-based HBTs have many
advantages over Si BJTs. In general, Ge gradients in the
base are necessary to improve transistor speed, while HBTs
with yGe(0) > 0 have higher current gains. Optimization
of yge () is beyond the scope of this paper, but we examine
some cases of interest from the point of view of emitter-
base junction properties.

In the present study, we consider transistors with emit-
ter doping concentration Np = 10'® cm™3 and with expo-
nential doping profile in the base: Na(0) = 10" cm~3,
N4(Wg) =5-10"7 cm—3, Wz =30 nm. Linearly graded Ge
profiles with different yge(0) and yge(Ws) (meaning also
different gradients) are considered.

First of all, we examine the model of xy. This parameter
was calculated for Vpg = 0.3 V in three ways:

— assuming depletion approximation in SCR;

— considering mobile charges in SCR and assuming
that the effective densities of states in SiGe are the
same as those in Si (y(x) =1);

— considering mobile charges in SCR and taking into
account the dependence of the effective density of
states in SiGe on local Ge content ¥(x) = f((vge (x)).

The results are shown in Fig. 2. The position of xy moves
deeper into the base with the increase of the built-in electric
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field in the base (i.e., increase of Ge gradient), while Wp
is moving towards the collector. Of course, the depletion
approximation results in overestimation of xy and this over-
estimation increases with increasing Vpg.

g
£l V6u0) = 0.01,
g Yae(Wp) = var
S
=
[
5 YGC(O) = var,
5 yGe(WB) =02
30T
m —eo— dep. approx.
0

----- free carriers + y(x) =1

— free carr. + p(x) = fyg.(x))

25 = ’ ’ :
0 0.1 0.2

Germanium content y,

Fig. 2. The position of emitter-base junction space-charge region
in the base calculated for different Ge content profiles.

In the case where ¥(x) = f(yce(x)), the calculated built-
in electric field in the base is lower than that calculated
assuming y(x) = 1. Therefore xo moves towards the emitter
(see “y(Wp) = var” in Fig. 2).

When the value of x¢ is known it is possible to obtain the
collector current pre-exponential ideality factor m. Using
our full model we calculate m for 7 transistors with different
¥Ge(x) linear profiles in the base (Fig. 3). As expected,

0.998 NEE

Yae(x)=0.1

Vae(x) = const
e ™~

V6.(0) = 0.01,
T vee(Wp) =0.1 Vge(0)=0.11,

V(W) =0.2

yGe(x) =0.2
0.988 + grad. yg.(x) = const

Ideality factor m

Y6e(0) =0.06, T
Yae(Wp) =02
Y6e(0)=0.01,

Vge(Wp) =02
0.978 f f f f f f
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Base-emitter voltage V. [V]

Fig. 3. The collector current pre-exponential ideality factor calcu-
lated as a function of emitter-base voltage for different Ge content
profiles.
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the increase of Ge gradient lowers m, i.e., collector current
becomes much more dependent on Vpg.

The importance of including the dependence of D,siGe
on F and that of y(x) on yge(x) in Jo model of SiGe-
based HBT has been demonstrated in [4]. The influence of
these two effects on the collector current pre-exponential
ideality factor m is discussed below.

To illustrate the influence of D,sige reduction due to
the drift field, the parameter m was calculated in two
ways: with D,sige either dependent or independent of the
field. This yields two sets of dm values calculated from
Eq. (1) — dmpr and 8mp, respectively. To make further
analysis more transparent we define the accuracy of dm cal-
culations as:

5mDF — 5mD

Admp = (%] . (15)

Ompr

This value is plotted in Fig. 4 as a function of Vpg for
5 transistors. As seen, it is important to incorporate the
investigated effects for transistors with high Ge gradients
in the base. Surprisingly, for two transistors with the same
Ge gradient but different yge(x) content (“yge(0) = 0.01,
YGe(Ws) = 0.17 and “yge(0) = 0.11, yge(Ws) = 0.2”) the
calculated Admyp values differ strongly. This is associated
with the dependence of D,sige on yge(x) (for more infor-
mation see [7]).

-16
Y6.(0)=0.01,
Yae(W5) =02
-12
r
~ o
5 v Y6e(0) = 0.01,
g s grad. yg(x) =const  y. (W) =0.1
=
; I yc,c(((;l)/ =) 0. })15 V6.(0) = 0.06,
= YaelWp : V(W) =02
Q
M _ _+
| -
—

-—
- =0
0 1 1 1 1 T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Base-emitter voltage V. [V]

Fig. 4. Accuracy of modeling of the collector current pre-expo-
nential ideality factor assuming that D,gige is independent of the
drift field for different Ge content.

The importance of including the dependence 7y(x) =
f(¥Ge(x)) in the model of m was studied in a similar
way. Again, the calculation yields two sets of dm: first
8my(y(x) = f(yge(x)) and second 8m; (y(x) =1). The re-
sults are plotted as a function of Vpg in Fig. 5. The highest
error is obtained for transistors with high total germanium
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T YWy =02

.10 [
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Y6e(Wp) =02
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Y6e(Wp)=0.1

O T ye0)=001,
Yoe(Wp) =02
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Fig. 5. Accuracy of modeling of the collector current pre-expo-
nential ideality factor assuming y(x) = 1 for different Ge content
profiles.

content in the base (“yge(0) = 0.06, yge(Wp) = 0.2” and
“YGe(0) = 0.11, yge(Ws) = 0.27).

4. Conclusions

In this paper a new model of the position of the edge of
emitter-base junction space-charge region in the base and
the collector current pre-exponential ideality factor in SiGe-
base HBTs was presented. This model is valid for any
doping and germanium content profiles. It includes, for the
first time, the dependence of the effective density of states
in SiGe base on local Ge content and the dependence of
the diffusion coefficient on the drift field in the base.

Both investigated parameters turned out to be sensitive to
appropriate modeling of the dependence of the effective
density of states in SiGe base on local Ge content.

It was found that in the case of modern HBTs with high
built-in fields in the SiGe base collector current ideality
factor should be modeled taking into account the depen-
dence of diffusion coefficient on the drift field and on the
local Ge content in the base.

References

[1] T. Pesic and N. Jankovic, “An analytical model of the inverse base
width modulation effect in SiGe graded heterojunction bipolar tran-
sistors”, Microelectron. J., vol. 32, no. 9, pp. 713-718, 2001.

[2] M. Schroter, H. Tran, and W. Kraus, “Germanium profile design
options for SiGe LEC HBTS”, Solid-State Electron., vol. 48, no. 7,
pp- 1133-1146, 2004.

[3] B. R. Ryum and I. M. Abdel-Motaleb, “Modeling of junction capac-
itance of graded base heterojunction bipolar transistors”, Solid-State
Electron., vol. 34, no. 5, pp. 481488, 1991.

91



Agnieszka Zargba, Lidia Lukasiak, and Andrzej Jakubowski

(4]

(5]

[6

[t

[7

—

[8

[t}

(91

92

A. Zargba, L. Lukasiak, and A. Jakubowski, “Modeling of SiGe-
base HBT with Gaussian doping distribution”, Solid-State Electron.,
vol. 45, no. 12, pp. 2029-2032, 2001.

D. Klaassen, J. Slotboom, and H. De Graaff, “Unified apparent
bandgap narrowing in n- and p-type silicon”, Solid-State Electron.,
vol. 35, no. 2, pp. 125-129, 1992.

S. Sokolic and S. Amon, “Characterization of minority carrier concen-
tration in the base of npn SiGe HBT”, in ESSDERC Conf., Bologna,
Italy, 1996, pp. 657-660.

S. Decoutere, J. Poortmans, L. Defarm, and J. Nijs, “Investigation
of the high frequency noise figure reduction of SiGe heterojunc-
tions bipolar transistors using actualised physical models”, Solid-State
Electron., vol. 38, no. 1, pp. 157-162, 1995.

K. Suzuki and N. Nakayama, “Base transit time of shallow-base
bipolar transistors considering velocity saturation at base-collector
junction”, [EEE Trans. Electron Dev., vol. ED-39, pp. 623-628,
1992.

K. Suzuki, “Optimum base doping profile for minimum base tran-
sit time”, IEEE Trans. Electron Dev., vol. ED-38, pp. 2128-2133,
1991.

Agnieszka Zareba graduated
from the Faculty of Electron-
ics and Information Technology
at Warsaw University of Tech-
nology, Poland, in 1993. In
1997 she joined the Institute of
Microelectronics and Optoelec-
tronics. She received the Ph.D.
degree from Warsaw University
of Technology in 2005. Her re-
search interests include model-

ing and characterization of semiconductor devices.
e-mail: zareba@imio.pw.edu.pl

Institute of Microelectronics and Optoelectronics
Warsaw University of Technology

Koszykowa st 75

00-662 Warsaw, Poland

Lidia Fukasiak — for biography, see this issue, p. 65.

Andrzej Jakubowski — for biography, see this issue, p. 7.

32007

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY



Comparison of 4H-SiC

and 6H-SiC MOSFET I-V characteristics
simulated with Silvaco Atlas
and Crosslight Apsys

Jedrzej Steszewski, Andrzej Jakubowski, and Michael L. Korwin-Pawlowski

Abstract—A set of physical models describing silicon carbide
with fitting parameters is proposed. The theoretical I-V out-
put and transfer characteristics and parameters of MOS tran-
sistors were calculated using Silvaco Atlas and Crosslight Ap-
sys semiconductor device simulation environments.

Keywords— silicon carbide, SiC MOSFET, 4H-SiC, 6H-SiC,
Crosslight Apsys, Silvaco Atlas.

1. Introduction

Wide band gap, high breakdown field, high thermal con-
ductivity and low thermal expansion make silicon carbide
a very interesting material for high-temperature and high-
frequency electronics (e.g., [1, 2]). Selected material pa-
rameters of silicon and two hexagonal polytypes of silicon
carbide are shown in Table 1.

Table 1
Comparison of basic parameters of silicon,

n;[cm ]

«— 4H-SiC

1
3
10531 . 6HSIC
,
9

10 LN N S R S RN B N B B B B S|
08 1.0 1.2 14 1.6 1.8 20 22 24 2.6 2.8 3.0 3.2 3.4
1000/7 [1000/K]

Fig. 1. Simulated influence of the temperature on intrinsic con-
centration of 4H-SiC and 6H-SiC — temperature-induced band gap
narrowing phenomenon taken into account.
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Vsar [cm/s] 2.1-107 2-107 107 Fig. 2. Band offset of 4H- and 6H-SiC in comparison to silicon

Figure 1 shows the influence of temperature on intrinsic
concentration of 4H-SiC and 6H-SiC materials, associated
with the temperature-induced band gap narrowing. In the
case of 4H-SiC the intrinsic concentration is only one or-
der of magnitude higher at the temperature of 900 K than
the intrinsic concentration of silicon at room temperature.
That proves very significant, theoretical suitability of sil-
icon carbide as a material for high temperature applica-
tions. Moreover SiC is the only wide band-gap semicon-
ductor with native insulator — SiO,. Figure 2 presents band
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offsets of 4H-SiC and 6H-SiC compared to silicon [3]. That
makes silicon carbide a promising choice for MOSFET de-
vices.

2. Calculations
In order to obtain accurate calculation results, a variety

of physical models with fitting material parameters were
implemented in the semiconductor device simulation envi-
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ronments: Silvaco Atlas [4] and Crosslight Apsys [5]. The
theoretical I-V output and transfer characteristics of 4H-
SiC and 6H-SiC NMOSFETs were calculated. Moreover,
the influence of the temperature on output characteristics
was simulated.

3. Physical model summary
The following models were amongst the most important
used:
1) carrier mobility:
— low electric field — Caughey-Thomas formula,
— high electric field — FLDMOB model [6];

2) carriers ionization effects:
— incomplete ionization [7],

— impact ionization — Selberherr model [8];

3) generation-recombination phenomenon:

— Auger recombination [9],
— SRH recombination [10];

4) band gap narrowing:
— temperature dependence — analytical formula,
— doping influence — Slotboom model [11].
In all simulations anisotropy of silicon carbide electrical
parameters was neglected. It was assumed that the domi-

nant direction of carrier flow is oriented along the transistor
channel.

4. Results

Figures 3 and 4 show output and transfer characteristics of
4H-SiC and 6H-SiC NMOS transistor (Ng =2-10'7 cm 3,
tox =10 nm, Ly, = 1 um, D; = 10'" ecm™2), respectively.

L,=1pm

- A
810" 7 =10 nm psys
4 1D,=10 SV L N
7-10" P
N,=
6'10-4- ? Atlas  Apsys
4] SV L
— 510 1 S NN
$ . e N
L8410 T tlas
310"

210%1 A APSYS Atlas Apsys
1 /¢

4H-SiC Ugg=3V

1 .10'4 1 ¥/ ettt =
0 ./ }:TEH-SIC {j(?:':' 3 Y 7Aﬂa1§ |7 T
0 1 2 3 4 5 6
Ups[V]

Fig. 3. Simulated output characteristics of 4H-SiC and 6H-SiC
NMOSFETS:.

94

1.1:10°
-3
1-0'1074 E ooy 4H-SiC Apsys
9.0-10" ps T2V o 4H-SiC Atlas .
8.0-10" {1 Loy =1pm B 6H-SiC Apsys* * 4
4 qt,,=10nm Vps=2 V+6H-SiC Atlas < - »
7.0-10 4 1n 2 ~
< 4 1D,=10 cm 5
= 0010 =210 em®
~ 50100 1B 20 em
4.010" 3
-4
30100 Ay, psic =197V A 4HSIC Apsys
2010 Vg sc=215V ~#bs=1 Ve 4H-SIC Atlas
1010- < - - 6H-SIC ApSyS
0 17/ 1”/.'/-. L R 'V?S'_I'V' ]6}"1'$1C‘A]ﬂas
0 02 2 3 4 5 6

Ugs [V]

Fig. 4. Simulated transfer characteristics of 4H-SiC and 6H-SiC
NMOSFETSs.
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Fig. 5. Simulated influence of temperature on 4H-SiC NMOS-
FET output characteristics.

The characteristics were calculated using both simula-
tors. The influence of temperature on output characteristics
of 4H-SiC NMOSFET is presented in Fig. 5.

5. Discussion and conclusions

Presented results obtained with Silvaco Atlas and Crosslight
Apsys show noticeable difference in drain current values.
In the case of I-V output characteristics, drain current cal-
culated with Apsys is, on the average, 7 to 9% higher, while
transfer characteristics exhibit 8 to 11% drain current differ-
ence in favor of Apsys. Moreover, simulated drain current
at elevated temperatures displays 8 to 18% difference.
Both device simulators — Silvaco Atlas and Crosslight Ap-
sys use the same computational approach: Poisson’s equa-
tion and electron/hole continuity equations are solved in
a coupled manner.

The differences in drain currents obtained with both envi-
ronments might be caused by the mesh discretization tactics
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and distinct numerical methods, as well. Possible overes-
timation of MOSFETSs drain current might also be a con-
sequence of the omission of anisotropy in the calculations
carried out.

The paper introduces band gap narrowing models (which
are generally neglected) to the simulation of silicon carbide
devices. The proposed modification is based on Slotboom
(doping influence) and analytical (temperature influence)
models with appropriate parameters, well known for sil-
icon. Significant influence of temperature-induced band
gap narrowing on carrier concentration at elevated tem-
peratures is commonly overlooked. Eventually, it leads to
overestimation of SiC device applicability in extremely high
temperatures.

Obtaining of reliable simulation results is difficult by sig-
nificant differences in the values of silicon carbide material
parameters reported in various papers. Further studies are
needed.
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Monte Carlo method

used for a prognosis of selected
technological parameters

Matgorzata Langer

Abstract—In this paper a smart modeling approach for re-
alistic simulation of selected technological parameters is pre-
sented. The technology of making contacts with plasma vapor
deposition (PVD) method has been chosen for this purpose.
The analysis is based on the Monte Carlo (MC) method and
uses the Excel worksheet — the simplest tool, easily accessi-
ble to anyone. The statistic parameters are calculated and
discussed as we introduce this experiment to demonstrate the
advantages of design for six sigma (DFSS).

Keywords— DFSS, MC method, PVD, contacts, Excel random-
izing.

1. Design for six sigma

Design for six sigma (DFSS) [1] and its metric — the prob-
ability of non-compliance [2] make it possible to consider
different sources of variation when applied in manufactur-
ing. The philosophy of this approach is that variation exists
in all systems, components, and procedures. The proba-
bilistic analysis is to be run when analysing and optimising
all the successive phases of the design and its implemen-
tation (Fig. 1a). DFSS approach may also be applied in
research, such as experiments, simulations, result analysis,
etc. (Fig. 1b). In this paper a methodology presented in
Fig. 1b is proposed.

Using DFSS one analyses the whole statistical distribution
of input values or parameters over their possible range, in-
stead of estimating the influence of extreme (therefore rare)
values on the operation or the condition of the object. Thus
instead of calculating the limits of the result range, one
calculates the probability of the distribution of possible re-
sults. And the distribution of probability is the basic metric
for DFSS.

When an output response represents the total influence of
independent input values and parameters, the output distri-
bution tends to be normal as a result of the central limit
theorem [3]. The significance of this is that there is no
precondition for probability distributions of the input de-
sign parameters (they do not have to be normal) to obtain
a normal output response. The majority of physical phe-
nomena and variables are represented by the normal distri-
bution.
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The Tchebychev inequality known in statistics [3], states
that at least 1 — (1/k?) per cent of any distribution is within
the product: (+k x deviation X mean).

Table 1

The per cent of normal distribution covered by the range
calculated with Tchebychev inequality

k[--1| 1 |1415] 2 | 3 | 4 5 6

[%] |68.3| 84.3 |95.5]99.7|99.99 | 99.99994 | 99.9999998

In the case of normal distribution the percentage in this
range is known exactly (Table 1).

2. Monte Carlo method

Monte Carlo (MC) methods were used already in 1947 to
simulate the neutron transport in the research on the hydro-
gen bomb [4]. Since their first presentation (at a conference
in Los Alamos in 1949), they have been used to predict
“almost everything”, from a simple bingo game, through
weather forecasts to atomic fusion.

The goal of the MC method is to simulate an existing ob-
ject (an equation, a model, a process, etc.) by randomly
sampling the input ranges (input distributions) and then
calculating the output response. The flow chart is shown
in Fig. 2.

The fundamental problem of using MC to perform a prob-
abilistic analysis is that it requires a large number of trials
to obtain a sufficient confidence in the results. With the
development of PCs many techniques have been developed
to generate random numbers; with many of them still re-
quiring huge time and memory resources. MC methods
can be applied to extremely complex finite element mod-
els, fluid dynamics, etc., but every trial may last long hours
and the computer grids (parallel processing) are the only
solution to meet these demands. They are beyond the scope
of this paper, as we propose to use Excel RAND() func-
tion, that is adequate for application in a great number
of cases.
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Fig. 2. Monte Carlo method. Flow chart.

3. Distributions prepared in Excel

A standard uniform random number (any number be-
tween 0 and 1; denoted as RU) is required to generate
a random value from any probability density function. In
Microsoft Excel the RAND() function returns RU. Some
experts claim that the algorithm applied in Excel does
not meet the rigorous standard required for cryptography,
but it is absolutely sufficient for simulations in engineer-
ing. Random numbers for a standard normal distribution
(denoted as RN; both mean and standard deviation are
equal to zero) can be computed with Box-Muller method,
known since 1958 [4]:

RN =+/—2In(RU1)-cos (27- (RU2)), (1)

where RU1 and RU?2 are uniform random numbers.
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The Excel function is:
RN =SQRT(—2*LN(RAND()))*«COS(2PI()*xRAND()).

Having RU and RN numbers one may generate a com-
mon distribution (e.g., uniform, normal, log-normal, expo-
nential, etc.) using the appropriate formulae with the de-
sired values of mean and standard deviation. For a uniform
distribution between the minimum (min) and maximum
(max) values the random value (denoted as RV) is cal-
culated as:

RV = (max — min)RU + min 2)

and for a normal distribution:
RV = mean + deviation - RN . 3)

The more random numbers we generate, the closer the
mean and the standard deviation are to specified values.
If one generated an infinite number of RNs — the calcu-
lated mean and deviation would be equal exactly to the
specified ones.

As it was mentioned before, Microsoft Excel may be used
to generate random numbers. The maximum number of
MC trials is limited by the maximum number of rows in
the worksheet (65,536 trials in Excel 2002). It is assumed
that one thousand trials already meet the requirements,
with a limited confidence. The author checked tens ran-
domised normal distributions (ND) with one thousand runs,
assuming the mean of 10 and the calculated means equalled
to 9.8—10.2 so the error was not greater than 2 per cent.
A screen capture with typical results is shown in Fig. 3.
In the simulated experiment described later 5000 trials
were used.
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Fig. 3. The part of the spreadsheet to check the error at one thousand trials.

4. The experiment

The MC method was used to simulate plasma vapor
deposition (PVD) metallization from a resistive source
(Fig. 4) intended to form aluminium contacts. A detailed
description of this process may be found, e.g., in [5, 6].
The technique is used in the Technical University of £.6dZ,
Institute of Electronics (TUL IE) during studies to im-
prove the quality of contacts to such materials as SiC.
The process takes place in a vacuum chamber (Fig. 5).
The goal of the virtual experiment is to anticipate the
solution of the Langmuir formula [5] for the evaporation
rate:

M
v=T18\/7ps [g/ems], @)

where: M — molecular weigh [g/mole], T — material
temperature [K], py — vapor pressure at the tempera-
ture T [Pa].
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Fig. 4. The typical system for PVD from the resistive source
[from student manual, TUL IE].
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Table 2

Range and distribution of input parameters

Experiment | Experiment II
Parameters —— ——
Range Distribution Range Distribution
Purity of aluminium +0.5% uniform +0.5% uniform
Temperature +1% Gaussian +2% Gaussian
(~12 degrees) (deviation = 0.66) (deviation = 1.3)
Pressure +10% Gaussian +20% Gaussian
(changes logarithmically) (deviation = 1) (deviation = 2)

The formula (4) is true when the pressure of residual
gases is lower than 1.337* Pa. It takes 3040 min to
deposit a layer with the typical thickness of 1-1.2 um
at substrates heated to ~ 475 K. Process duration increases
to 40-60 min at temperatures of 572—-625 K [7]. The pump-
ing, heating and cooling rate strongly affects the quality of
the layers.

Fig. 5. The interior of the chamber in TUL IE.

The melting point of pure aluminium is 932 K and its
evaporation takes place at 1421 K. The optimum evapo-
ration rate is 0.85-10~% g/cm?s [5]. Temperature stability
is very important here since its increase by approximately
10-15 per cent may elevate the pressure as much as ten
times, and the evaporation rate depends on the diffusion of
the outer layers of the cloud of vaporised aluminium.

5. The MC simulation

The optimum values of input (purity of aluminium M, tem-
perature T and vapor pressure p;) and output (evaporation
rate) parameters are assumed to be 100 per cent. The goal
of the simulation is to study the variation of evaporation rate
with the variation of input parameters (strongly depending
on the conditions in the lab).
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The range and distribution of input parameters are listed in
Table 2. Every experiment covers 5000 trials.

The obtained distribution of evaporation rate is presented
in Fig. 6 for experiments I (Fig. 6a) and II (Fig. 6b).

a)
800
700
600
500
400
300
200 T
100 1

1234567 8 91011121314151617181920

Classes
b)

800
700
600
500
400
300 |
200 |
100 |

12345678 91011121314151617 181920
Classes

Fig. 6. The distribution of results — quantity of events in the
classes: (a) experiment I; (b) experiment II.

The whole range of rates (maximum rate — minimum
rate) was divided into 20 equal sub-ranges (we have
established 20 classes). Quantities in classes are listed in
Table 3, which contains also basic statistical parameters.
The accepted limit value may be chosen arbitrarily. The
last row in Table 3 means that the assumed maximum
allowed change of the output (i.e., evaporation rate) is
5 per cent for our experiments. It may be seen that more
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than 30 per cent of output values will not meet this require-
ment in experiment II and less than 5% in experiment I.

Table 3
Simulation results

Classes .Quantity in classe.s
Experiment I Experiment II

1 1 2

2 5 3

3 12 16

4 29 52

5 98 94

6 144 168

7 275 289

8 433 450

9 547 533

10 717 681

11 698 694

12 644 619

13 532 511

14 417 369

15 226 245

16 125 154

17 71 63

18 16 37

19 7 15

20 3 5

Parameters Values

Mean [%] 100.022 99.99087
Deviation 1.066626 2.110416
Min value [%] 96.00374 92.44879
Max value [%] 103.7724 107.0591
Median [%] 100.0243 100.0857
z&f,lil;ﬁ;:i;f:li% 98-102 95.5% of events | 68.3% of events

These are our probability of non-compliance (PNC) results
for the assumed parameters.

6. Conclusions

The example given in this paper focused on math and
statistics, but MC method may be used in numerous con-
siderations. When the distribution type for a population is
determined, one can simulate any object for which an ap-
propriate model exists. One can calculate characteristic pa-
rameters for the investigated distributions; determine what
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the tolerance limits or the range should be (based on ex-
pected behavior); estimate how great is PNC for a given
case and assumptions. The presented example shows how
helpful Excel may be in this research. In the investigated
case the time to make a population and to calculate the
statistic parameters was very short (a few seconds). Thus
it has been demonstrated that Excel is sufficient as a DFSS
tool.
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The influence of yield model

parameters on the probability

of defect occurrence
Michat Rakowski and Witold A. Pleskacz

Abstract—This paper describes the analysis of the influence
of yield loss model parameters on the calculation of the proba-
bility of arising shorts between conducting paths in IC’s. The
characterization of the standard cell in AMS 0.8 um CMOS
technology is presented as well as obtained probability results
and estimations of yield loss by changing values of model pa-
rameters.

Keywords— yield model parameters, spot defect, probability
of defect occurrence, critical area.

1. Introduction

Contemporary digital circuits become more complex mak-
ing their testing and diagnostics more difficult. Having
an accurate defect model is therefore essential. Since the
model affects the efficiency of defect detection, it should
be tuned as well as possible to reflect the reality. On the
other hand, however, excessive complication of the model
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Fig. 1. The AN3 complex gate: (a) the layout; (b) schematic
diagram; (c) logic diagram.

could result in many practical difficulties. The time of run-
ning the defect detection procedure should be acceptable,
especially for large VLSI circuits.

Spot defects in ICs still cause many functional and catas-
trophic faults [1-3]. The degree of the influence of spot
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defects, such as shorts or opens, on IC manufacturability
is determined by the sensitivity of the layout to these de-
fects. It is believed that only full layout analysis enables one
to proceed with complex estimation of defect-occurrence
probabilities and yield calculations [4].

In this work we use a quite efficient and easy-to-implement
model of critical area that enables the probability of dif-
ferent catastrophic faults caused by spot defects to be es-
timated. The model is used to calculate the probability
of shorts and opens between two conductive paths on a cir-
cuit layout, as well as to estimate yield.

The analysis of the model parameters is limited in this paper
only to the defects cause by shorts. A standard AN3 com-
plex gate from 0.8 um CMOS industrial library (see Fig. 1)
has been used as a testing circuit.

2. Probabilistic yield model

A short is a piece of extra conducting material that con-
nects a pair of separate conducting regions in the integrated
circuit. This affects the connectivity of the circuit: two
separate electrical nets become connected. It is intuitively
obvious that probabilities of shorts depend on the layout
of the circuit. Conducting regions that are adjacent to one
another are more susceptible to shorts than regions that
are separated by a large distance. We assume that every
defect that results in a short can be approximated by a cir-
cle. To estimate the probabilities of shorts between pairs of
nodes we use the concept of critical area for shorts [3]. The
critical area for shorts is such a region in the circuit that,
if the center of a defect of a given radius R is located any-
where inside the critical area, a short between two adjacent
conducting paths occurs (see Fig. 2).

Critical area
\

\
NN

Physical defect

SN

Conductive paths

Fig. 2. The concept of critical area.
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The probability that two electrical nodes will be shorted
by a physical defect is given by the following formula de-
rived from Poisson-based yield model:

N T
Y:HK; Y,':exp{f/Acr,-(r)Di(r)dr , (D
i=1
0

where: Y — defect-related yield for an IC, N — number of
defect types, Y; — defect-related yield for defect type “i”,
r — defect radius random variable, Acr;(r) — critical area
function, D;(r) — defect size distribution.

The defect size distribution can be calculated from the for-

shorts with non-zero probability. To extract critical areas
and calculate the probability of shorts we used our tool [5]
Critical Areas written in the SKILL language. By running
geometrical operations on the conducting layers of the lay-
out the tool extracts the critical area function Acr;(r), which
is further used to carry out the probability calculation and
yield estimation.

We calculated the probability of shorts between all pos-
sible pairs of two electrical nodes for complex gate AN3
(see Table 2). The obtained calculations were taken as the
basis for further analysis of model parameters.

mula [2, 3]: Table 2
Di(r) = Dyi(r) - fri(r), 2) Distribution of probabilities of faults for AN3 gate
where: D,;(r) — density of spot defect of type “i”, fi(r) — AN3 Y | Ph—=1-Y
size distribution function for defect of type “i” given Conductive layers 0.999998718| 128106 Py / Py, (sum)
by [2, 3] :
For all pair of nets
2(pi— 1)5 for 0<r<X,. No.|  Fault Y Py, = 1 — Y|Py, /Py, (sum)
fi(r) = (pi+ 1)X0ip-71 (3) 1 B/C 0.999999796| 2.04-10~7 |0.124693127
2pi— DX x < 2 C/D  [0.999999796] 2.04-10~7 [0.124693127
(pi+1)r" N 3 N1/vgg! [0.999999853| 1.47-10~7 {0.089854335
The size distribution function has two parameters: 4 D/Q 0.999999864 1.36-10~7 [0.083128754
Xoi (which is modeled to be very small compared to the 5 Q/gnd!  ]0.999999875| 1.25-10~7 [0.076285516
minimum feature size of a given manufacturing process) 6 A/B 0.999999913[ 8.74-10-5 10.053516526
and parameter pi. In our calculation of the probability .Of 7 B/D 0.99999991318.74-10-% 10.053516526
shorts the most important three conductive layers — polysil- —3
icon, metall and metal2 were taken into account. 8 Qhvaa! 0999999940 5.96-10"" 10.036462936
Parameter D,; is the density of physical defects and p; and 9 e 0.999999942| 5.83-10~° |0.035677684
X,i are model parameters. P; is set to 3, X,; to 20% of the 10 N1/B 0.999999945| 5.51-10~® {0.033746016
minimum distance between the shapes of a given conduct- 11 A/C 0.999999949( 5.10-10~% 0.031200232
ing layer, and D, to 10 defects/cm” [3, 4]. 12|  NIA  ]0.999999949|5.08-10~® {0.031091017
13 N1/Q 0.999999957| 4.26-10~% [0.026086434
3. Experimental results 14 NI/C  [0.999999959] 4.07-10~% [0.024884915
15 Algnd!  0.999999965| 3.46-1078 {0.021187114
The analysis of parameter influence on manufacturing yield 16 B/Q 0.999999966| 3.40-10-8 [0.020800155
as well as probability of shorts b.et.ween conducting paths 17 A/D 0.999999969] 3.15-10-° 10.019256726
was .perfomed by means of variation of each paramete?r T Bignd! 0.099999973] 2.74-10-F [0.016744255
within a predefined range. The analyzed range of the vari-
ation of the examined parameters is compared to the cor- 19 Clgnd! __|0.999999974| 2.58-10"*° |0.015772579
responding nominal values in Table 1. 20 N1/D 0.999999978( 2.20-10~% 0.013441077
Table 1 21 B/vgq! 0.999999979| 2.14-10~% |0.013084317
Analyzed range of variatior‘zl 0? the yield model parameters 22| Dignd! [0.999999979]2.13-107" J0.013054676
23 Alvgg!  10.999999981( 1.87-1078 [0.011463841
e Parameters 24 Clvaq! 0.999999985| 1.49-10~% |0.009137585
Description| Layers | —— 7 = =0T X, %] 25| A/Q  |0.999999987| 1.31-10~® |0.007990456
Nominal Polyl 0.2 26 D/vgq!  10.999999989( 1.06-10~8 {0.006487213
value Metl 3 10 20 | 0.2 27| Nl/gnd! ]0.999999993|7.27-10~° |0.004451322
Met2 0.24 28 | gnd!/vgg! 10.999999996| 3.74-107° |0.002291538
Range All [<2-5>|<5-15>|<5—-40>
of changes The analysis of each parameter was conducted with nominal
Step All 0.5 23 > values 0? the remainI;ng parameters. Every parameter has

The probability analysis was performed using the extracted
layout of AN3 complex gate resulted in a list of faults for
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a significant influence on defect size distribution.
The increase of parameter p causes that maximum value of
defect size distribution to increase (see Fig. 3). Moreover,
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for higher values of defect radii the probability of shorts
becomes smaller. The parameter X changes the defect size
distribution slightly in different way.

>10 Layer: Met2 p=5

= -7

= 4-10

Q

£ 310

5

ks R

E 210

s -7

é 10

)

2 o

0 0.5 1 1.5 2 2.5
Defect radius [pum]

Fig. 3. Defect size distribution for different values of parameter p
(D=10 cm~2, X =0.24).

The density of the probability reamains constant, but the
maximum shifts towards higher values of defect radii with
increasing X (see Fig. 4).

7
_ 8.104 Tt Layer: Met2
= 710 =
S 610 —— X=40%
2 5‘]0'7—5 ....... X=30%
2 7
T 410 T — X=20%
5 310, —X=10%
2 2:10 7
S 7]
a 10

[\ i = f —

0 0.5 1 1.5 2 2.5
Defect radius [pum]

Fig. 4. Defect size distribution for different values of parameter X
(D=10 cm™2, p=23).

Parameter D can only change the density of probability of
short occurrences (see Fig. 5).

the increase of p the probability of fault decreases for radii
higher than the one determined by the parameter X. In this
way the biggest probability changes are observed for the
least critical pair of nets and their significance increases
with the growth of p.

In Table 2 pairs of critical paths have been listed in the or-
der of decreasing probability of short occurrence. We have
noticed, however, that this order depends on the value of p.
This fact may be very important for the generation of test
vectors. The efficiency of test vector components in detec-
tion of catastrophic faults for the circuit is changing with
the parameter p.

The probability of manufacturing yield (lack of occurrence
catastrophic fault) for three masks, as well as the total
probability of manufacturing yield for all layers is shown
in Fig. 6 as a function of the parameter p. Probability
values are normalized to nominal ones obtained at p = 3.

1.000002 -
: 7&
0.999998
0999996 / / —a— Y (Metl)
0.999994 4 —a— Y (Polyl)
0.999992 / —o— Y (Met2)
0.99999 / ——Y

0.999988
0.999986 o ‘

1 2 3 4 5

Parameter p

Fig. 6. Defect-related yield normalized to that obtained at nom-
inal value of parameter p (D = 10 cm 2, X =20%).

Parameters X and D seem to be less important, but each
may strongly affect the probability of fault occurrences, es-
pecially parameter D. Its changes have an exponential in-
fluence on the yield estimation. In contrast to parameter p,
probability values change in the same way with parameters
X and D for all critical pairs. As a result the list of the
most significant pairs of critical nets stays unchanged.

-6
~ 610 Layer: Met2 |
= ; —D=15
S 510°
o sE/\ -
% 410 6 D=125
§ 3‘10»6 —_—D=10
S 210° — D=5
3 -6
E 10

0 - ‘ i t 1 1

0 0.5 1 1.5 2 2.5
Defect radius [pum]

Fig. 5. Defect size distribution for different values of parameter D
(X =0.24, p=73).

The parameter p seems to have the most significant influ-
ences on the obtained results. The probability does not
change in the same way for all critical nets because with
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Fig. 7. Defect-related yield normalized to that obtained at nom-
inal value of parameter X (D =10 cm™2, p = 3).

The probability of manufacturing yield for three conduc-
tive layers and total probability of manufacturing yield for
all layers are shown as a function of parameter X and D
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Fig. 8. Defect-related yield normalized to that obtained at nom-
inal value of parameter D (X =20%, p = 3).

in Figs. 7 and 8, respectively. The probability values are
normalized to those obtained at nominal value of each pa-
rameter.

4. Conclusions

We analyzed the sensitivity of the obtained probability on
the yield model parameters. Our investigations indicate
that:

— the changes of parameter p have the most influence
on the calculated probabilities of fault;

— parameter p causes changes the order of the list of
the most critical pair of nets;

— with the growth of parameter p the yield is decreasing
exponentially;

— the changes of parameters X and D have the same
influence on all critical pairs of nets in a circuit;

— with the growth of parameters X and D the probabil-
ity of fault in a circuit is increasing (for parameter D
the growth of this function is exponential).
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Optical interconnections

in future VLSI systems

Grzegorz Tosik, Zbigniew Lisik, and Frederic Gaffiot

Abstract—This paper is focused on the latency and power dis-
sipation in clock systems, which should be lower when the opti-
cal interconnects are applied. Simulation shows that the power
consumed by an optical system is lower than that consumed
by an electrical one, however the advantages of optics dras-
tically decrease with the number of output nodes in H-tree.
Additionally, simple replacement of an electrical system by an
optical clock distribution network (CDN) results in high clock
skew, which will be higher than 10% of the clock period for
the 32 nm technology node.

Keywords—optical interconnects, clock skew, clock distribution
network, OCDN, OVLSI.

1. Introduction

Progress of VLSI systems has been driven by the down-
sizing of their components and increasing operating speed.
According to ITRS [1] prediction high performance inte-
grated circuits will contain up to 2-10° transistors per chip
and work with clock frequencies up to 10 GHz by 2010.
One of the greatest challenges in designing such IC’s is to
design high-performance communication networks between
their active elements. While transistor scaling provides im-
provements in both density and device performance, inter-
connect scaling improves interconnect density but generally
at the cost of degraded propagation delay and power losses.
In modern technologies, the interconnect delay dominates
over the logic delay in spite of new metallization tech-
nologies such as copper or new low-k dielectrics. Signal
integrity issues that occur with the global interconnect for
data transfer can cause extreme problems for the clock dis-
tribution systems. Due to the bandwidth limitation of upper
level interconnects the high speed clock signal cannot be
distributed globally across the chip. Additionally, clock
skew due to variation sources is becoming difficult to con-
trol with traditional balanced distribution networks. Since
a single-chip processor available commercially consumes
more than 100 W of power, thermal management is also
a major concern. The main consumer (up to 30-50%) [2]
of delivered power in modern IC’s is the clock distribution
network (CDN), that requires several hundreds of repeaters
to drive the metallic tracks over the entire chip.

It becomes evident that the electrical interconnects are
approaching their fundamental limits and represents the
present performance bottleneck. The new materials pro-
posed by ITRS can only extend the life of the conventional
interconnect by a few years, so to meet the performance
challenge, revolutionary approach will be needed. Due to
such features as large bandwidth, low latency, low power
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requirements, reduced crosstalk, electromagnetic immunity
and electrical isolation, the application of optical intercon-
nects in VLSI systems is considered as an alternative solu-
tion.

This paper presents the estimation of the power budget
and timing properties of optical clock distribution network
(OCDN).

2. Optical clock distribution network

As a possible solution that can overcome problems of elec-
trical interconnects we propose the integration of III-V ac-
tive optoelectronic devices and passive silicon waveguides
on the standard silicon chip as presented in Fig. 1. Sili-
con waveguides will be placed on the upper metallization
layers and connected to the off-chip photonic source and
on-chip optical receivers. To form the planar optical struc-
ture described above, the use of Si as the core and SiO, as
the cladding materials is assumed. The Si/SiO; system has
been chosen because it is compatible with conventional sil-
icon technology, transparent for 1.3 — 1.55 um wavelength
and has attenuation as low as 0.8 dB/cm [3]. Additionally,
such waveguides with high relative refractive index differ-
ence A = (n? —n3)/2n? between the core (n; ~ 3.5 for Si)
and claddings (np ~ 1.5 for SiO,) allow compact optical
circuits to be designed and fabricated with bend radius of
the order of a few micrometers. To avoid modal dispersion,
improve coupling efficiency and reduce loss, single mode
conditions are applied to the waveguide dimensions. The
optical process is completely independent from the CMOS
process and does not require a revolutionary mutation in
the CMOS process.

Si core (n ~3.5)
Sio, cladding (n = 1.5)

Metallic wires

. . High index material (Si)
Off - chip optical source .
III - V fotodiode

(VCSEL)

CcMOS // T o7 |
V4

Low index material (SiO,) Optical receiver
(TIA)

Metallic layers

Fig. 1. Cross-section of optical interconnect structure.
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Fig. 2. General approach to optical global clock distribution network.

A tree-like structure is the most common strategy for the
conventional clock system routing. This strategy is also
adopted to design optical clock system. In the proposed
system, shown in Fig. 2 a low-power vertical cavity surface
emitting laser (VCSEL) is used as an off-chip photonic
source. The VCSEL is coupled to the H-tree symmetrical
passive waveguide structure and provides the clock signal
to n optical receivers. The number and placement of the re-
ceivers in optical clock system is equivalent to the number
and placement of the output nodes in the electrical H-tree.

Bending segment

H-tree test structure

Fig. 3. Test structure of optical H-tree.

At the receivers, the high speed optical signal is converted
to an electrical signal and subsequently distributed by the
local electrical networks. The number of O/E converters
is a particularly crucial parameter in the overall system
since optoelectronic interface circuits at these points are of
course necessary and consume power. The methodology
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and the assumptions used to properly design the optical
H-tree are presented in detail in [4, 5]. Figure 3 shows
a picture of the optical H-tree test structure fabricated
by LETI.

3. Optical system properties

The optical alternative is, of course, acceptable only if it
demonstrates significantly improved performance over the
all-electrical solution. First, the power consumption of both
systems is compared. The comparison is based on the ITRS
technology roadmap in the case of electrical clock system
and on the state-of-the-art device parameters in the case of
optical clock. This assumption may result in a pessimistic
estimation of the performance of the optical CDN, for future
technology nodes. The results presented in Fig. 4 show the
comparison between power consumption of electrical and
optical clock systems both designed for the 70 nm technol-
ogy node. For a small number of H-tree nodes the power

10 000
= — electrical CDN
z —+ optical CDN
E 1000
=
.2
£ 100
2
]
3
5 10
2
o
=

4 16 64 256 1024 4096
Number of output nodes in H-tree

Fig. 4. Electrical power consumption of optical and electrical
CDN'’s versus the number of H-tree nodes (20 mm chip width).

32007

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY



consumed by the optical H-tree is more than one order of
magnitude lower than in the electrical one. However, along
with the growth of circuit complexity, the advantage of the
optical system tends to decrease. Finally, with 8172 out-
put nodes in the considered case, the power consumed by
the optical system becomes higher than that consumed by
the electrical one. This fact can be easily explained taking
into consideration the optical power budget [4, 5]. Along
with doubling the number of H-tree output nodes, the op-
tical power, which needs to be emitted by the VCSEL to
meet the overall system quality increases at least by 3.2 dB
(because of the Y-splitters), which in turn increases the
electrical power consumed by VCSEL by more than 100%.
Additionally, since the number of receivers is equal to the
H-tree output nodes, the power consumed by receivers also
doubles. In the case of an electrical system the power con-
sumption increases much less rapidly. These results clearly
show that the advantages of optics drastically decrease with
the number of output nodes.

350K 400 K

Fig. 5. Chip structure with temperature gradient.

In the next step the clock skew of the optical system is cal-
culated. There are several sources of clock skew in optical
system. Apart from process parameter variations, which
are mainly the tolerance of device and waveguide physi-
cal parameters, system level fluctuations like temperature
variations have to be considered. In our analysis only the
impact of temperature variations on optical signal speed
has been taken into account. Along with the growth of
chip temperature, the refractive index of waveguide core
increases thus reducing the speed of clock signal. Typical
temperature gradients over the entire chip presented in lit-
erature are less then 50 K [6]. The calculation has been
performed for the chip structure where the temperature of
one part is lower (350 K), while that of the other part is
higher (400 K) as presented in Fig. 5. This represents the
worst-case scenario.
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Fig. 6. Clock skew of a 64-output-node optical H-tree compared
to the clock period as a function of technology.

Figure 6 shows the clock skew of a 64-output-node opti-
cal H-tree compared to the clock period as a function of
technology. It is clear from this figure that just for the
32 nm technology node (33 GHz) the clock skew is higher
than 10% of the clock period. This will result in a serious
system failure.

4. Conclusion

Integrated optics are considered as a possible alternative to
overcome metallic interconnect limitations that can be the
barrier for further gigascale integration predicted by ITRS.
These expectations are focused on the latency and power
dissipation mainly, which should be lower when the op-
tical interconnects are applied. In [4, 5] we demonstrate
that the proposed optical solution allows the distribution
of high local frequency signals across the chip with sig-
nificantly lower power dissipation than the electrical one.
Particularly, in the case of 45 nm technology node, the
power consumed by a 256 node optical H-tree system is
over 5 times less than the power dissipated in the equiva-
lent electrical system. However, the absolute magnitude of
the power dissipation in the global H-tree is a rather small
part of the overall losses in the CDN system. Therefore it is
necessary to increase the complexity of the optical H-tree,
but the advantages of optics drastically decrease with the
number of output nodes in H-tree. Additionally, a sim-
ple replacement of an electrical system by an optical CDN
results in a high clock skew, which will be higher than
10% of the clock period for the 32 nm technology node.
It is then clear that for the present optical technology di-
rect replacement of classical electronic interconnections by
optical ones does not exhibit a sufficient increase of the
system performance (in terms of power consumption and
latency). If optical interconnects are to replace metallic
wires the main challenge is to develop a new generation of
optoelectronics converters with low latency and low power
consumption.
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Optimization of an integrated
optical crossbar in SOI technology
for optical networks on chip

Andrzej Kazmierczak, Emmanuel Drouard, Matthieu Briere, Pedro Rojo-Romeo, Xavier Letartre,
Ian O’Connor, Frederic Gaffiot, and Zbigniew Lisik

Abstract—In this paper a novel design for an optical network
on chip (ONoC), enabling optical on-chip signal routing, is
presented. Requirements for such a network are defined and
the design of ONoC passive components is described and val-
idated by experimental results.

Keywords—integrated optics, optical interconnections, optical
filtration, add-drop filters, microdisk resonators, SOI waveg-
uides.

1. Introduction

Electrical intra-chip or inter-chip interconnects will con-
stitute a major bottleneck to the improvement of perfor-
mance of very deep sub-micron technologies (half-pitch un-
der 0.1 um). Predicted limitations are formulated in terms
of power consumption and latency for intra-chip intercon-
nects and bandwidth for inter-chip interconnections. Op-
tical solutions should enable the industry to address these
problems. For example, an optical network on chip (ONoC)
enables high bandwidth and low contention routing of data
using wavelength multiplexing.

2. Principles of optical network on chip

The 4 x 4 ONoC is presented in this section. The basic
element is an optical crossbar based on passive add-drop
filters, described hereafter.

-

M3 1 T3

_ Optical crossbar / _
M4 Add—drop filter T4

Fig. 1. A schematic overview of the 4 x 4 ONoC.

Figure 1 illustrates the 4 x 4 ONoC. The symbols M (mas-
ters) and T (targets) represent electronic subsystems (in-
cluding the optoelectronic interface which is outside
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the scope of this paper) that need to communicate with
each other. The core of the optical system, called a cross-
bar, is a fully passive network, based on wavelength routing.
Each cell A; of this crossbar is a wavelength selective add-
drop filter. The crossbar has to be completely reversible
(each master can become a target and each target can be-
come a master).

In Drop

Add Through

Fig. 2. Signal routing of the elementary add-drop filter (for 4 x 4
ONoC).

Figure 2 presents the design requirements for the add-drop
filter in the 4 x 4 ONoC. In order to totally connect all
the master ports with all the targets a specific design of

T1 T2 T3 T4
Non
Ml 42 43 * resonance
Non
M2 23 A4 resonance A
Non
M3 21 resonance A4 23
Non
M4 resonance 4] A3 A2

Fig. 3. Operation truth table of 4 x 4 ONoC.

the filter is necessary. For four ports placed on two parallel
waveguides, it transmits non resonant wavelengths in the
diagonal direction, and it drops resonant wavelengths in
the straight direction. This phenomenological description
allows us to establish the operation table of the crossbar
given in Fig. 3.
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3. Optical crossbar design

The key building blocks of the optical crossbar are the
wavelength selective add-drop filters. In this section we take
into consideration two types of add-drop filters: a single-
disk device and a filter based on two coupled disks.
Figure 4 shows a rather complex waveguide routing scheme
necessary to achieve the properties described in Fig. 2,
when implementing a single-disk add-drop filter (referred
to hereafter as filter A) into the optical crossbar. One
can notice two intersections potentially incurring additional
crosstalk and attenuation.

oy

90 pm

80 um

Fig. 4.
scheme.

Single microdisk add-drop filter waveguide routing

An alternative structure uses filters with forward dropping
direction, which is the case of filters with two identical cou-
pled microdisks, presented in Fig. 5 (referred to hereafter
as filter B) [3]. This allows a simpler routing design with

10 pm

Fig. 5. Coupled two-microdisk add-drop filter waveguide routing
scheme.

a smaller number of crossings. But such filters may be
more sensitive to fabrication defects, such as slightly dif-
ferent disk radii or a difference of coupling between disks
and guides.

4. Fabrication of the optical crossbar
demonstrators

Both types of crossbars have been fabricated using SOI
technology of CEA-LETT in Grenoble, which allows com-
pact integration and is compatible with silicon microelec-
tronics. Deep UV photolithography has been used to fabri-
cate the samples. In the crossbar based on filter A (Fig. 6),

110

\ Al ) A3 Ad

i

vy T S
!/-"WF - R
/|

] 100um

M4 Y T4

Fig. 6. Demonstrator of ONoC based on single-disk add-drop
filters. Radii: 1.5 um (4}), 2 um (4;), 2.5 um (A3), 1 um (A4).

Fig. 7. Demonstrator of ONoC based on coupled two-disk
add-drop filters. Radii: 2.5 um (4;), 1.5 um (), 1 um (A3),
2 um (Ayg).

the bend radius has to be large enough to avoid radiative
losses; it is then far less compact than the crossbar based
on filter B (Fig. 7).

5. Optical crossbar characterization
results

The crossbars have been characterized using an edge cou-
pling insertion losses optical bench. The source used in
the characterization is a tuneable laser. An InGaAs CCD
allows the observation of the top scattered light.

5.1. Characterization of the optical crossbar based on
single-disk add-drop filter A

Figure 8 presents the light switching in the optical crossbar,
depending on the injected wavelength. Light is injected
to the input M1 and subsequently collected at the outputs
T1...T4. At the wavelength of 1530 nm a non-resonant
transfer to port T4 is observed (Fig. 8a); at 1515.3 nm,
the signal is dropped to port T3 (Fig. 8b); at 1510.55 nm,
to T2 (Fig. 8c), and at 1508 nm, to port T1 (Fig. 8d).
One can notice the directional transfer of most of the sig-
nal at the resonant dropping wavelengths of the filters
A1, A2, A3. The bright points correspond to scattered losses
at waveguide intersections.
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3.0 7 — MI-T4

2.5 1

1.5 4

Sign. level [a.u.]

1540 1560
Wavelength [nm]

Fig. 8. Images of crossbar based on single-disk filter for
wavelengths: (a) 1530 nm; (b) 1515.3 nm; (c) 1510.55 nm;
(d) 1508 nm injected into port M1.

Table 1 reports the transfer wavelengths of most of the
different routing configurations. It should be noted that fil-
ter A4 does not exhibit any resonant wavelength: due to the
fact that its radius is too small (1 wm), the resonant gallery

Table 1

Transfer wavelengths [nm] of the crossbar based
on single-disk filter

Port T1 T2 T3 T4
Ml 1508 1510 1515.5 Non
resonance
M2 1510 Impossible Non 1515.5
resonance
M3 1515.5 Non Impossible 1510
resonance
M4 Non 1515.5 1510 1508
resonance

modes suffer from high losses. This makes it impossible
to route the signal from port M2 to T2 and from port M3
to T3.

5.2. Characterization of the crossbar based on coupled
two-disk add-drop filter B

Figure 9 presents the experimental spectra of the optical
crossbar based on add-drop filter B. In this figure non-
resonant transmission from port M1 (see Fig. 7 for refer-
ence) to port T4 is presented. One can also observe res-
onance dropping of the signal to port T3 (with the wave-
length of 1513 nm) and to port T2 (1520 nm). The wave-
length of 1513 nm is the resonance wavelength of the filter
with disk radii of 2 um and the 1520 nm of the one with
disk radii of 1.5 um. The free spectral range of 50 nm
is also shown in this figure. Dropping from port M1 to
port T1 is impossible due to incorrect operation of the add-
drop filter with disk radius of 1 um.
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Fig. 9. Transmission spectra of the signal injected into port M1
and collected at the different outputs of the optical crossbar based
on coupled two-disk add-drop filter.

A close-up of the optical crossbar transmission spectrum
is presented in Fig. 10. One can observe a splitting in the
resonance peak caused by the strong coupling between the
microdisk resonators of add-drop filters. The low quality

25 - MI - T4
M1 -T3
MI -T2
2.0 A
3151
©
>
=2
= 1.0
&n
=
0.5 1
0 o TTENREGR Ibu-v"Wva”\Mwﬁl
1510 1515 1520 1525
Wavelength [nm]
Fig. 10. Close-up of the transmission spectra of the optical

crossbar in the range of 1510-1525 nm.

factor of these resonant peaks is caused by strong cou-
pling between the disks and the waveguides. Due to the
smaller radii of the resonators (1.5 um versus 2 um) the
gallery mode confinement at 1520 nm is much weaker than
at 1513 nm. This weaker confinement results in a wider
peak and a lower quality factor at 1520 nm than at 1513 nm.

6. Optimization of the optical crossbar:
the improved design of the filter

Both designed types of crossbar are operational and allow
4 x 4 optical communication. Although they suffer from
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imperfections and cannot be directly applied without im-
provements, they show that the ONoC does operate as pre-
dicted. As an improvement to the basic structure we now
present an improved type of channel-dropping filter based
on two microdisk resonators which, when used in an opti-
cal crossbar, can potentially both amplify the strong points
and reduce the weaknesses of both types of crossbar that
were previously presented.

6.1. Operation principles of the cross based two-disk
add-drop filter

In Fig. 11 a design for a cross based two-disk add-drop fil-
ter (referred to hereafter as filter C) is presented. It consists
of two microdisk resonators coupled with the waveguide

#1 #2

#4 #3

Fig. 11. Design of a novel type of add-drop filter based on
two-microdisk resonators.

intersection. This type of design described in [4] has sev-
eral advantages:

— it allows simpler waveguide routing compared to the
1st type of add-drop filter;

— thanks to the central symmetry the properties of the
filter do not depend on the port into which the trans-
mitted signal is injected;

— due to the fact that the two microresonators are cou-
pled via waveguides it is not as sensitive to micro-
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(=}
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~
N

X [pm]

Fig. 12. The 2DFDTD simulation of electromagnetic field dis-
tribution for resonant wavelength of 1570 nm.
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resonator imperfections as add-drop filter B (more
particularly, a difference between the radii of the
two-disk filter B drastically reduces the transmittance,
whereas it introduces only a split in the transmittance
spectrum of the filter C).

Figure 12 displays the 2DFDTD simulation of the add-
drop filter C. At the resonant wavelength the light is fully
removed from the injection waveguide and dropped to the
output waveguide through the gallery mode of the first disk
“met” by the light, as shown in Fig. 12. Thus at this wave-
length losses of the waveguide intersection do not affect the
level of the dropped signal.

6.2. Design of the optical crossbar based on add-drop
filters C

The above mentioned advantages of the cross based add-
drop filter allow the design of an optical crossbar that
should be a good compromise between the properties of
the two crossbar designs described earlier in this paper.
It should also eliminate their weaknesses.

o o,
B
@ @

0
o @
e
O

i M2
M3

3 um

E M4

Fig. 13. Design of the optical crossbar with add-drop filters C.

Figure 13 presents the design of the optical crossbar with
add-drop filters C. This design is very promising due to
the minimized number of intersections and reduced area
compared to the crossbar with add-drop filters A. With this
design we can also avoid the problems with disk uniformity-
very important in the crossbar with add-drop filters B.
In this design we implemented microdisk resonators with
the radii of 1.5 um, 1.55 ym, 1.6 um and 1.65 um.

6.3. The 2DFDTD simulations of the 3rd type add-drop
filter based crossbar

The operation of the optical crossbar has been validated
with 2DFDTD simulation. Figure 14 presents the simu-
lation spectra of the transmission from input port M1 to
the four output ports. One can observe dropping to all
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1.0 7

Normalized transmission

1.45 1.50 1.55 1.60
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Fig. 14. The 2DFDTD simulation of the optical crossbar with
add-drop filters C.

the output ports with a signal level better than 70% be-
tween 1500 nm and 1600 nm and the free spectral range of
about 100 nm for the filters with radii of 1.5 um, 1.55 um
and 1.6 um.

7. Conclusions

Two types of 4 x 4 optical crossbars have been designed,
fabricated and characterized. Both crossbars have been
demonstrated to operate correctly despite losses. These
losses occur mainly either at waveguide intersections in the
case of the crossbar based on single-disk filter, or in the
microdisks themselves in the case of the crossbar based on
coupled two-disk filter. The introduction of a new type
of filter, with two uncoupled disks separated by a single
crossing may both enable a simple design and reduce the
losses.
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