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Abstract—We have performed a detailed analysis of
the electron transport at high electric field in strained
Si for different field directions and stress/strain conditions
using Full-band Monte Carlo simulations. A phenomeno-
logical model describing the velocity-field relationship ér
electrons in biaxially or uniaxially strained Si has been
developed. The model is suitable for incorporation into
any device simulator for performing TCAD tasks.
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I. INTRODUCTION
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The introduction of strain in Si channels, resulting in~ 4,06 i
significant mobility enhancements, is becoming incredging

important for developing next generation CMOS technolsgie — unstrained
L . . . - 10% Ge

The strain in Si can be generated either globally, using an 2e+o —— 20%Ge | -
epitaxial layer on a relaxed substrate [1][2][3], by medbah —— 30% Ge

. . - . -—- 40% Ge
stressing [4][5], or can be induced during the processiagsst
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Biaxially strained Si layers (two surface dimensions being E [100] (KV/cm)

stressed) using relaxed SiGe substrates have shown large

enhancements of electron mobility but suffer from sever&igure 1: Electron velocity versus field (along [100]) in
integration issues. There has thus been a interest towasttained Si on SiGe with increasing Ge content obtained from
uniaxially straining Si (one surface dimension stresseldiv  MC simulations.

not only enhances the electron mobility but also exhibits

superior hole mobility enhancements for PMOS devices [8]is associated with thé, valleys which move down in energy

In this work, we studied electron high-field transport iRyith increasing strain and have the longitudinal mass in the
strained Si using Full Band Monte Carlo (FBMC) simufield direction. These valleys are located at a scaled distan
lations. The band structure of strained Si was calculategl0.85 and 1.15 from the center of the first Brillouin zone and
using the empirical pseudopotential method [9] for biaxigre separated by an energy barrier of 129 meV at the X-point
tensile strain and uniaxial stress along the substratea@on as shown in Fig. 3. Repopulation effects within this double
[100] substrate is considered. We propose an empirical mogglley together with the high population of the double wglle
to describe the velocity-field relationship as obtainedfrojead to the particular shape of théE) curve.

FBMC simulations.
I11. L OW FIELD MOBILITY

Il. MONTE CARLO RESULTS A key parameter in the modeling of the field dependent

Fig. 1 and Fig. 2 show the velocity-field characteristics anobility is the accurate determination of the low-field mebi
obtained from FBMC simulations for biaxially strained Sity. Strain induced enhancement of the low-field mobilityyca
grown on a relaxed SiGe substrate for different Ge contelné attributed to two complementary effects. Firstly, thiiin
and field along [100] and [001] directions, respectively. eThvalley phonon scattering is reduced due to decreased number
figures show an increase (decrease) in the total velocitly witf final available states. Secondly, due to the energy lowgeri
increasing strain for field along [100] ([001]) directiororRhe of the A, valleys, the electrons prefer to occupy this valley and
[100] field direction, the total velocity shows a region ofain therefore experience a lower in-plane effective condiigtiv
negative differential mobility. The velocity-field chatadstics mass.
shown in Fig. 2 exhibit an untypical form for high strain lexxe  The low-field mobility for electrons in strained Si can be
This phenomenon can be explained by the repopulation adlculated using the model developed in [10]. It describes t
valleys induced by the field. The velocity-field curve in F&g. mobility tensor for electrons in strained Si layers as a fiomc
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Figure 2: Electron velocity versus field (along [001]) inFlgure 3: Repopulation effect within the double valley i th

strained Si on SiGe with increasing Ge content obtained fro%qwhbnum state (top) and at high-field (bottom)

MC simulations.

of strain. It includes the effect of strain-induced sptittiof the
conduction band valleys in Si, inter-valley scatteringpidg
dependence and temperature dependence. 2200

The variation of the in-plane mobility with increasing stra __
for biaxially strained Si, as calculated from MC simulagon 2 500g
and the analytical model is shown in Fig. 4. Tensile strainét
Si enhances the electron mobility whereas compressivin stra‘;’
results in a reduced mobility. There is a minimum in theg 180
mobility occurring for the case of compressively strained Sg

— model-tensile
O MC-tensile R
— — model-compressive

o MC-compressive ||

conductivity mass of the\, valleys (which move down in
energy for compressive strain) in the transport directam]
the decreasing inter-valley scattering.
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IV. HIGH FIELD MODEL 120 T 5 3
The high field behavior is modeled using direct fits of |% strain|

empirical expressions to the MC data. This approach has been o ) N o )
chosen after a more physically-based, three-valley moae! Hrigure 4: .Var|at|on_of m—plang moblllty for b|ax!al tensibnd
been investigated. However, one problem of such model wo@mpressively strained Si with increasing strain.

be its complexity. For instance, a nonlinear system for nine

unknowns, namely the valley populations, valley velosit@d i i

valley temperatures, would have to be solved numericatig TCIly using the expression

peculiar shape of the(E) curves in Fig. 2 would pose another 210 E
problem. While the physically-based high-field model could v(E) = 511/8° @)
deal with arbitrary strain conditions, the chosen empirica 1+ {1+ (%) }

model can not. Therefore, we restricted our study to suelinstr
conditions where only one pair of X-valleys is shifted withThis expression is an extension of the standard mobilityehod
respect to the four-fold degenerate X-valleys. These ¢omdi used in [11]. Hereuq is the low field mobility andv, is
include biaxial stress and uniaxial stress applied aloregy tthe saturation velocity. The paramefgérgoverns the velocity
principal axes of the crystaf100} directions for Si). transition from low to high fields whereas accounts for the

If the velocity is governed by the transversal mass the small negative differential mobility occurring in strath&i for
velocity along the field direction is modeled phenomenaloghigher strain levels.
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If the velocity is governed by the longitudinal mass;,the
velocity along the field direction is modeled using the egpre

' 1 ' 1 ' 1 '
- 2o ter01 oo Qﬂ .......
v(E) = Ko + LS oo T .
(E) o /5 e}
1+ |1+ (’Us(l—f)> 8e+04 - - -
v BB o) E ~' 7
1+ (E/Ey) ;69+0€ ) /ﬂ’ .
The additional term incorporated in (2) models the velociig ; ’44
kink occurring due to repopulation effects within the X2 se+0dk gﬂ-«r’ |
valleys. The parametef < 1 is used to signify the velocity -4/ o MC-E[100]
plateau occurring approximately at(1 —¢). E, and~y are fit —— model-E[100]
parameters. The empirical dependences of all parameters 0g,.q N mga‘éﬂitrﬁgi?aeiﬂe -
the valley splitting are described by simple analytic egpre 4 MC-E[001]
sions. In all cases a linear or quadratic expression is guffic — — model-E[001]
except foré, which is modeled by a rational expression. L . L . L .
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Here, {, and ¢, are constants. The parameter variation fQinsirained Si and strained Si on, $Ge, 4.
biaxially tensile strained Si and [001] field direction atetfed ' '

in Fig 5.

&=

velocity, as shown in Fig. 8. The(F) characteristics for the
[111] field directions is shown in Fig. 9 and . From the figure
it is observed that for [111] field direction, there is almost

£ N 03F _' change in thev(E) characteristics for tensile and compres-
3 ] T oo . sively strainer Si. Fig. 10 shows th€ E) characteristics for
30 ] 01h . [110] field direction. It is observed that this field directio
B N Fu— gives the highest electron velocity in comparison to [106] a

T ] [111] directions.
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We have investigated the high-field transport behavior in
strained Si for different field directions and stress/sti@ndi-
tions using FBMC simulations. A phenomenological approach

] z to describe the velocity-field characteristics has beepgwed
- ‘°§ which shows good agreement with the simulations results. Th
T ] > or ] explicitness of the model enables its implementation imtyp a
T T a—— conventional device simulator for performing TCAD tasks.
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Figure 7: Electron velocity versus field characteristiocs$d Figure 9: Electron velocity versus field characteristias $0
under uniaxial stress (1GPa) along [001] and field along][10@nder uniaxial stress (1GPa) along [001] and field along]111
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