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Abstract

We are proposing a new analytical model,
in three dimensions, to calculate intrinsic
stress that builds during deposition of Silicon
Germanium pockets in source and drain of
strained nano PMOSFETs. This model has
the advantage of accurately incorporating
the effects of the Germanium mole fraction
and the crystal orientation. This intrinsic
stress is used to calculate the extrinsic stress
distribution in the channel after deposition.
Simulation results of channel stress based on
this model will be presented and discussed for
Intel technology based nano PMOS transistors.

Keywords: 3D Modeling, Intrinsic Stress,
Silicon Germanium, Nano PMOSFETs

1 Introduction

The originality of this paper is the development
of new analytical model, in three dimensions
(3D), to calculate accurately the intrinsic stress
in Silicon Germanium (S%;—,Ge,) due to lattice
mismatch between Si;,_,Ge, and Silicon where
x represents the Germanium mole fraction. This
intrinsic stress is generated during deposition of
Si1_.Ge, pockets in source and drain of Intel
nano PMOSFETs (Ghani 2003). In the litera-
ture, there are only few papers and only in two
dimensions (2D) about the modeling of intrin-
sic stress in SiGe (Rieger and Vogl 1993; Van
de Walle and Martin 1986; Fischetti and Laux
1996; Brash, Dewey, Doczy, and Doyle 2004).
These papers were developed in the context of
device simulations for mobility modeling under
the effects of stress. On the other hand, in most
advanced commercial or noncommercial process
simulators as FLOOPS, Sentaurus, or Athena,
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the intrinsic stress is a user defined input. And,
it is not calculated internally by the simulator.

In this paper, we are attempting to extend the
2D models found in the literature to 3D in the
context of process simulation. We are following
the 2D model of Van de Walle (Van de Walle
and Martin 1986).

Most of nano semiconductor device manufac-
turers as Intel, IBM and TSMC are intention-
ally using this intrinsic stress to produce uniax-
ial extrinsic stress in the Silicon channel. And,
it is now admitted that the channel stress en-
hances carrier mobilities for both nano PMOS
and NMOS transistors by up to 30% (Krivokapic
2003).

The need of the hour is the development
of accurate physics based models and the use
of TCAD simulation tools to understand the
physics of intrinsic and extrinsic stress and how
to attain the desired stress in the channel.

This paper is organized as follows. Section 2
outlines the different sources of intrinsic stress
in Si;_,Ge, pockets generated during deposi-
tion. Section 3 describes the proposed 3D model
to calculate accurately the intrinsic stress due
to lattice mismatch between Si;_,Ge, and Sil-
icon. After deposition process, intrinsic stress
produces an extrinsic stress distribution in the
whole device. This section, also outlines the
3D elastic model for the extrinsic stress and
how it is related to the intrinsic stress. Sec-
tion 4 presents 3D simulation results and anal-
ysis of extrinsic stress distribution in 45nm In-
tel strained PMOSFETSs (Ghani 2003) using the
proposed intrinsic model. This section will also
present 3D numerical results showing the effects
of Germanium (Ge) mole fractions and crystal
orientations on the intrinsic stress. For quali-
tative and quantitative validations, the channel
extrinsic stress profiles will be calculated using
the proposed 3D intrinsic stress model and will



be compared with channel stress profiles found
in the literature.

At this point, we could not find any exper-
imental values of intrinsic stress in 3D. There-
fore, we could not provide any comparisons with
experiments.

2 Sources of intrinsic stress
in SiGe

The deposition process plays a key role in de-
termining the intrinsic stress in Si1_,Ge, films.
At first, we should note that the deposition
takes place at elevated temperatures. When the
temperature is decreased, the volumes of the
grains of Si1_,Ge, film shrink and the stresses
in the material increase. The stress gradient and
the average stress in the Si,_,Ge, film depend
mainly on the Silicon-Germanium ratio, the sub-
strate temperature and orientation, and the de-
position technique which is usually LPCVD (low
pressure chemical vapor deposition) or PECVD
(plasma enhanced chemical vapor deposition).
It was observed that the average stress becomes
more compressive, if the Ge concentration de-
creases (Hollauer 2007). Thus, it is expected
that a film with higher Ge concentration has a
higher degree of crystallinity and larger grains,
which leads to higher film density and to higher
intrinsic stress. The intrinsic stress observed
in thin films has generally the following main
sources.

2.1 Intrinsic stress due to lattice

mismatch

During deposition, thin films are either
stretched or compressed to fit the substrate on
which they are deposited. After deposition, the
film wants to be smaller if it was stretched ear-
lier, thus creating tensile intrinsic stress. And
similarly, it creates a compressive intrinsic stress
if it was compressed during deposition. In this
paper, we are focusing on developing an analyt-
ical model in 3D for this type of intrinsic stress.

2.2 Intrinsic stress due to thermal
mismatch

Thermal mismatch stress occurs when two ma-
terials with different coefficients of thermal ex-
pansion are heated and expand/contract at dif-
ferent rates. During thermal processing, thin
film materials like Si;_,Ge,, Polysilicon, Sili-
con Dioxide, or Silicon Nitride expand and con-
tract at different rates compared to the Silicon

substrate according to their thermal expansion
coefficients. This creates an intrinsic strain and
stress in the film and also in the substrate. The
thermal expansion coefficient is defined as the
rate of change of strain with temperature.

2.3 Intrinsic stress due to dopant

Boron doping in p-channel source/drain regions
introduces a local tensile strain in the substrate
due to its size mismatch with Silicon. Boron (B)
atom is smaller in size than Silicon atom and
when it occupies a substitutional lattice site, a
local lattice contraction occurs because the bond
length for Si-B is shorter than for Si-Si (Ran-
dell 2005, Horn 1955). We will deal with the
3D modeling of intrinsic stress due thermal mis-
match and doping in future work.

3 Proposed 3D analytical
model

In this section, we are going to describe the
proposed analytical model in 3D to calculate
the three normal components (6§*, 0¥, 0§*) of
the intrinsic stress in Si;_,Ge, due to lattice
mismatch at the interfaces between Silicon and
Silicon Germanium.

We did follow the same strategy used in the
2D model of Van de Walle (Van de Walle and
Martin 1986). We first calculate the strained
lattice constants parallel and perpendicular
to the interfaces in x, y and z directions.
Then, from these lattice constants, we calculate
the strain parallel and perpendicular to the
interfaces in «, y and z directions . And, finally,
we get the 3 normal stress components in 3D
from the calculated strain using a modified
Hookes’s law. The restriction of the proposed
3D model to 2D gives exactly the 2D model of
Van de Walle. And, this is a great advantage
for validations and even comparison issues.

In 3D PMOSFET with SiGe source and
drain as shown in the Figure 2, there are two
interfaces between Si and SiGe: a vertical inter-
face and a horizontal interface. In the Figure 2,
the vertical interface is defined in the yz-plane
and the horizontal interface is defined in the
xz-plane. Let’s assume that Si;_,Ge, pocket
grown in source or drain area has thickness
DgiGe and Dg,.. at horizontal and vertical
interface respectively. Let D%, and DY, be the
thickness of the Silicon substrate at horizontal

and vertical interface respectively.  Strains
will be generated due to lattice mismatch of
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the lattice constants. Let Ag; and Ag;ge be
the lattice constants of unstrained Silicon and
Si1_.Ge,. Let Ath, Aﬁ,h,z and A”U
the strained lattice constants parallel to the
horizontal interface in x and z directions and
parallel to vertical interface in y direction.
The index 7 represents the Silicon or Silicon
Germanium materials. Let Ai,h,w’ Alh)z, and
AZJ_U be the strained lattice constants per-
pendlcular to the horizontal interfaces in x and
z directions and perpendicular to the vertical
interface in y direction. Please see Figure 1 to
have an idea about the lattice constants parallel
and perpendicular to a given interface between
Silicon and Silicon Germanium.

In 2D, Van de Walle assumed that
Aﬁihw = Al\thz and A‘lvy = ﬁlﬁf In

3D, we are also assuming that AH e = Aﬁfﬁ

For snnphqty, let’s assume thatlA”’z = Aﬁ,h,m’
AHVZ = AT\hz’ and AHW = A The 2D

model of Van de Walle gave l‘é;gressions to
calculate the strained lattice constants parallel
and perpendicular to the interfaces in z, y
directions. For the interface in z direction, we

use the same expression given by:

Az =
ASiGeGgiGeDg'iGe)/( 3

(ASz GSiDhi +
b+ Goice Dice)-

Azhz—Au—D%A”z ~ 1)

The shear modulus G7 for Silicon and SiGe
depend on the elastic constants of the material
7 and depend on the the orientation of interface
in z direction. It is given by:

G3 = 2(C4, +2C5,)(1 - 2

In this paper, the constant D; depend on
the elastic constants C%;, C%,, Ci, of each mate-
rial 7. And, they also depend on the interfaces’s
orientations that are (001), (110), or (111). In
this work, the elastic constants Ci1,Cia, Cyy
for Siy_,Ge, depend on the Germanium
mole fraction = and on the elastic constants
Ci1,C12,Cyq of Silicon and Germanium that
we get from Van Der Walles Table I. We are
going to use a nonlinear extrapolation method
of ( Rieger and Vogl 1993) to calculate Cy1,
C1o, and Cyy for Si;_,Ge,. We calculate the
constant D? that depends on the orientation
of the interface in z direction by following the
2D model of (Fischetti and Laux 1996; Van de
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Walle and Martin 1986 ):

Ci
z 12
D7 o0) 2 ci,
Dz — Ci1+3cbi2_20_24
(110) Ci, 0L, +20, (1)
DZ — Cll J”36V12 20}14
,(111) Ci +Ci,+C7,

The ratio of strained lattice constants A .,
A”)y, AH,Z and AL,h,z’ AL,v,y’ and AL,h,z to
unstrained lattice constants A; determines
the intrinsic strain parallel and perpendicular
to the interfaces in z, y, and z directions:
(€||,h,m76J_,h,acu€||,'u,y76J_,v,yu€||,h,z76J_,h,z)- At
horizontal interfaces in x and z directions, and
at vertical interface in y direction, we have:

lhe= (2l 1) e .= (Aflfi —1)
||,h,;E AS'LGe ’ LT ASwGe
_ (A= _ (AT
e = (aor — 1), ern: = (7222 - 1)
AS'LGe
— vy — Lovy
€”1U7y - (ASiGe )’ EL’U’y ( Asice 1)
zx,h,x zz,h,z TT,V,Y yy,v,y
Let o, . Og , Og and o be

the intrinsic stress at the horizontal interface in
2 and z directions and at the vertical interface
in y direction respectively. We use a modi-
fied Hookes’s law to get these intrinsic stress
components from the intrinsic strains as follows:

zx,h,x

o = (C11 +Cr2)e| he +Cr2(eL ne + €| n,2)
zz,h,z

O'O = EELﬁhyz

oy = (Cr1 + Cr2)€|,v,y + Cr2(€L v,y + €.n,2)

rxr,v
o Y= Fe,| oy

The elastic constants C11,Ch2 and the Young’s
modulus FE are those of Si;_,.Ge,. Finally, the
normal intrinsic stress components of®, of?,
and o§® in Si1_,Ge, in the proposed 3D model

are calculated as follows:

T zxz,h,x TT,0,Y

oyt =0y + oq
vy _ Yy,v,y

9p" = 0o (2)
2z _ _zz,h,z

90" = 9o

We should note that the proposed 3D model
given by the equations (2) reduces to 2D

model of Van de Walle if we take o™ = 0
and €| . = 0. The 3 shear intrinsic stress



components o4, o¢*, and oF* are taken to be

zero. Then, the 6 components of the intrinsic
stress tensor oy in Si;_,Ge, are given by:
oo = (68, 08,08%,0,0,0).

The intrinsic stress tensor og is used as a
source term to calculate, in the whole 3D nano
MOSFET structure, the extrinsic stress tensor
o = (0", Y%, 0%% 0% oY% o*"). We note that
o™, g%, and o** represent the extrinsic stress
along the channel, vertical to the channel, and
across the channel. We assume that Silicon and
Silicon Germanium are elastic materials. And,
to calculate the stress tensor o, we use the elas-
tic stress model based on Newton’s second law
of motion, and the following Hookes law relating
stress to strain: ¢ = D(e — €g) + 0¢. Here D
is the tensor of elastic constants C11, Cia, Cyy,
€0 0 is the intrinsic strain and og is the
intrinsic stress given by the equations (2). A
detailed description of this elastic model is
given in (El Boukili 2011).

Table 1: Ge Mole Fraction Effects on Stress

Ge% | of® ag? og*

17 —1.432¢10 | 3.269¢% | 1.752¢€°
20 —1.674e'0 | 3.821¢° | 2.047¢°
30 —2.454e10 | 5.607¢% | 3.000e°
40 —3.197e10 | 7.312¢° | 3.914¢°
50 —3.900e™0 | 9.321e” | 4.780¢°

Table 2: Substrate Orientation Effects on Stress
Orientation | of® ag? og*
(100) —8.859¢” | 1.186e'™ | 6.361¢°
(110) —1.432¢™0 | 3.269¢" | 1.752¢”
(111) —1.556e™0 | 1.327¢° | 7.116€%

4 3D Numerical Results and
Analysis

The proposed 3D model for intrinsic stress given
by the equations (2) is used to simulate numer-
ically the 3D extrinsic stress in the channel of
an Intel 45nm gate length PMOSFET shown in
Figure 2. For the following numerical results
we used (001) for the substrate orientation and
17% as the Germanium mole fraction. In the
future, we will do more investigations using dif-
ferent gate lengths (32nm, 22nm and below),
different substrate orientations and Germanium
mole fractions. The Table 1 shows the effects of
Germanium mole fraction on the intrinsic stress
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in Si1_,Ge,. From Table 1, we observe that
the intrinsic stress along channel becomes more
compressive, if the Ge concentration decreases.
This is in great agreement with what was re-
ported in (Hollauer 2007). Table 2 show the
effects of substrate orientations on the intrinsic
stress. The results in Figures 3 and 4 show that
the stress components o, and o,, along the
channel, and across the channel respectively are
all significant. A similar stress distribution has
been reported in (Victor 2004). The values of
the calculated 3D extrinsic stress are also qual-
itatively and quantitatively in good agreement
with those calculated in (Victor 2004).

Figure 5 shows that the distribution of x stress
component is compressive along channel as ex-
pected. Figure 6 shows that the distribution of
the z stress component is really nonuniform in
the channel. A similar result was reported in (
Victor 2004 ). These numerical results confirm
that our implementation of intrinsic and extrin-
sic stress models in 3D provide valid and correct
results. We also believe that these results are of
great interest to the semiconductor community
including industrials and academia.
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Figure 1: Parallel and perpendicular strained
lattice constants.

References

[1] Brash, B., Dewey, G., Doczy, M., Doyle,
B., 2004. Mobility enhancement in compres-

sively strained SiGe surface channel PMOS
transistors with HFO2/TIN gate stack. Elec-



Figure 2: Materials

(253

and mesh of the simulated

structure.

T

Figure 3: 3D distribution of x stress component
along channel.

trochemical society proceedings,12-30, 2004,
Volume 07, San Antonio, California, USA.

EL Boukili, A., 2011, 3D Stress Simulations
of Nano Transistors. To appear in Proceed-
ings of the 16th Furopean Conference on
Mathematics for Industry. July 26-30, 2010.
Wuppertal, Germany.

Fischetti, M., Laux, S., 1996. Band Struc-
tures, Deformation Potentials, and Carrier
Mobility in Strained Si, Ge, and SiGe Al-
loys. J. Appl. Phys. Vol. 80: 2234-2240148

45nm PMOS Matertals

Dtess S22

254

e
0

Figure 4: 3D distribution of z stress component
across channel.

Figure 5:

Cut Along Channel (x) at y=0.0146, =0 of Stress SXX

1410

S48

0

Se8

o000

1. Se 00

el

006 0

05 01 015 03 03 04

Distanec(un}

Cut along channel of x stress compo-

nent.

[4]

148

Ghani T. et al.,, 2003. A 90nm High Vol-
ume Manufacturing Logic Technology Fea-
turing Novel 45nm Gate Length Strained
Silicon CMOS Transistors. Proceedings of
IEDM Technical Digest, 978-980, December
2003. Washington, DC, USA.

Hollauer, C., 2007. Modeling of thermal oz-
idation and stress effects. Thesis (PhD).
Technical University of Wien.

Horn, F., 1955. Densitometric and Electri-
cal Investigation of Boron in Silicon. Physi-



Stress $ZZ CutinZ at x=0,y=0.01466

15400

SeHis-
140

1.5e+009

0ol 02 03 04 05 06 0T 03

Distance(um}

Figure 6: Cut in z-direction of z stress compo-
nent.

cal Review Vol. 97: 1521-1525.

[7] Krivokapic, Z. et al., 2003. Locally strained
ultra-thin channel 25nm Narrow FDSOI De-
vices with Metal Gate and Mesa Isolation.
Proceedings of IEDM, IEEE International,
445-448, 2003. Washington, DC, USA.

[8] Randell, H., 2005. Applications Of Stress
From Boron Doping And Other Challenges
In Silicon Technology. Thesis (Master). Uni-
versity of Florida.

[9] Rieger, M., Vogl P., 1993. Electronic-band
parameters in strained Si(1-x)Ge(x) alloys
on Si(1-y)Ge(y) substrate. Phy. Rev. B., Vol.
48 No 19: 14276-14287.

[10] Rim, K., et al., 2000. Fabrication and
Analysis of Deep Submicron Strained-Si N-
MOSFETSs. IEEE Transactions on Electron
Dewvices, Vol. 47, No.7: 1406-1415.

[11] Takagi, S. et al., 2003. Channel Structure
Design, Fabrication and Carrier Transport
Properties of Strained-Si/SiGe-On-Insulator
(Strained-SOI) MOSFETs. IEDM Techni-
cal Digest,57-60, 10 December , Washington,
DC, USA.

[12] Van de Walle, C., Martin, R., 1986. Lattice
constants of unstrained bulk Si(1-x)Ge(x).
Phy. Rev. B., Vol. 34: 5621-5630.

AUTHOR’s BIOGRAPHY
Abderrazzak El Boukili received both the
PhD degree in Applied Mathematics in 1995,

and the MSc degree in Numerical Analysis, Sci-
entific Computing and Nonlinear Analysis in
1991 at Pierre et Marie Curie University in
Paris-France. He received the BSc degree in
Applied Mathematics and Computer Science
at Picardie University in Amiens-France. In
1996 he had an industrial Post-Doctoral po-
sition at Thomson-LCR company in Orsay-
France where he worked as software engineer
on Drift-Diffusion model to simulate hetero-
junction bipolar transistors for radar applica-
tions. In 1997, he had European Post-Doctoral
position at University of Pavia-Italy where he
worked as research engineer on software devel-
opment for simulation and modeling of quan-
tum effects in heterojunction bipolar transistors
for mobile phones and high frequency applica-
tions. In 2000, he was Assistant Professor and
Research Engineer at the University of Ottawa-
Canada. Through 2001-2002 he was working at
Silvaco Software Inc. in Santa Clara, California-
USA as Senior Software Developer on math-
ematical modeling and simulations of vertical
cavity surface emitting lasers. Between 2002-
2008, he was working at Crosslight Software
Inc. in Vancouver-Canada as Senior Software
Developer on 3D Process simulation and Mod-
eling. Since Fall 2008, he is working as Assis-
tant Professor of Applied Mathematics at Al
Akhawayn University in Ifrane-Morocco. His
main research interests are in industrial TCAD
software development for simulations and mod-
eling of opto-electronic devices and processes.
http://www.aui.ma/perosnal/ A.Elboukili.

149



