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Subband structure and mobility of two-dimensional holes in strained Si/SiGe MOSFET’s

R. Oberhuber, G. Zandler, and P. Vogl
Physik-Department and Walter Schottky Institut, Technische Universita¨t München, Am Coulombwall, D-85748 Garching, Germany

~Received 12 May 1998!

The hole mobility of p-type strained Si metal-oxide-semiconductor field-effect transistors~MOSFET’s!
fabricated on a SiGe substrate is investigated theoretically and compared with the mobility of conventional
~unstrained! Si p-MOSFET’s. Two-dimensional quantization of the holes is taken into account in terms of a
self-consistent six-bandk–p model for the strained band structure and the confined hole subband states in the
inversion channel. The hole dynamics along the inversion channel is studied in terms of ensemble Monte Carlo
calculations that take into account all relevant scattering mechanisms. For a Ge concentration of 30% in the
substrate, we predict a mobility enhancement of a factor of 2.3 compared to the unstrainedp-type device. The
calculated low-field mobility is in excellent agreement with experimental data for strained Si/Si0.8Ge0.2 and for
unstrained Sip-MOSFET’s.@S0163-1829~98!10635-5#
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I. INTRODUCTION

Two-dimensional electron transport in Sin-type metal-
oxide-semiconductor field-effect transistors~MOSFET’s!
has been studied experimentally and theoretically for m
years and in great detail.1–4 Surprisingly, rather few theoret
ical studies have been published so far that focus on the
transport inp-type Si inversion channels. In part, this is d
to the complex valence-band structure of Si, but it also
purely practical reasons. Standardp-type MOSFET devices
have much poorer transport characteristics thann-type
devices—mainly5 due to the heavy effective hole masses
which made them less relevant for accurate device mode

Recently, however, the growth of pseudomorphic strain
Si and SixGe12x structures has created a new degree of fr
dom for tailoring transport characteristics ofn-type as well
as p-type MOSFET devices. While strain and alloyin
makes a quantitative transport analysis even more comp
it has now become highly relevant to assess the potentia
this new degree of freedom for improvingp-type Si devices.

In this paper, we present a detailed theoretical analysi
hole mobilities in strained Si/SiGe inversion layers th
quantitatively takes into account the electronic states of
quantum-confined holes as well as the Boltzmann carrier
namics. We employ a self-consistent multibandk•p method
for the electronic subband structure of the confined holes
take into account inter- and intrasubband phonon, rem
impurity, and interface roughness scattering in terms of
ensemble Monte Carlo procedure. The only major simp
cation in our calculations is the assumption of a spatia
homogeneous inversion channel.

In bulk strained Si and SiGe alloys, the semiclassi
transport ofn- as well asp-type material has been studied
terms of elaborate full-band Monte Carlo calculations.6–8

These calculations showed very significant improvement
the electron and hole mobility of biaxially strained Si grow
on a SiGe substrate. This is due to the lifting of the ba
edge degeneracies that affects the transport masses an
duces intervalley or interband scattering.

For n-type Si inversion layers, it has been shown by d
tailed theoretical calculations that the effect of the carr
PRB 580163-1829/98/58~15!/9941~8!/$15.00
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quantization due to the confining electric field, the Si/oxi
interface induced scattering, as well as the two-dimensio
carrier screening can give mobilities that substantially dif
from bulk values.3 Simpler model calculations show qualita
tively similar trends for electrons4 in strained Si inversion
layers and for holes9 in unstrained Si. However, to the best
our knowledge, no calculations for strainedp-type Si/SiGe
inversion layers have been published yet.

In Sec. II, we discuss the geometry and material com
sitions of thep-type MOSFET structures that we consider
this paper. The theoretical methods employed are bri
summarized in Sec. III. The electronic structure calculatio
are based on a self-consistent multibandk•p method~Sec.
III ! and the carrier dynamics is computed in terms of
momentum-space Monte Carlo method that is discusse
Sec. IV. The scattering mechanisms are summarized in S
IV A and IV B, and the equations of motion in Sec. IV C
After briefly discussing the numerical details in Sec. V, w
present results~Sec. VI! for the self-consistently determine
confined hole subbands in Sec. VI A, hole drift velocity a
energy ~Sec. VI B!, and finally, the hole mobility in un-
strained as well as in strained Si/SiGe structures in S
VI C and VI D, respectively. A summary in Sec. VII con
cludes the paper.

II. STRAINED p-TYPE MOSFET STRUCTURES

We considerp-channel MOS structures such as show
schematically in Fig. 1. Beneath the gate oxide, we assum
15 nm layer of@001# strained Si that is grown pseudomo
phically on a fully relaxed SiGe buffer. The stress is pr
vided by the buffer that sets the in-plane lattice constant
is larger than in bulk Si. Both regions are assumed to
homogeneouslyn doped. We consider a doping concentr
tion of 531016 cm23. Such a structure can be fabricated
the ‘‘graded-buffer concept’’~see, e.g., Refs. 8 and 10! or by
‘‘silicon-on-insulator technology.’’11 The subband structure
and the channel density is determined by an interplay
tween strain, confinement, and doping effects that in t
determines the mobility along the channel. We will compu
the subband structure beneath the gate by a self-consi
9941 © 1998 The American Physical Society
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solution of the one-dimensional Schro¨dinger and Poisson
equation~along the dashed line depicted in Fig. 1! and sub-
sequently evaluate the lateral transport by solving the
Boltzmann transport equation with a Monte Carlo techniq
Since we are mainly interested in the low-field mobility, t
lateral variation of the sheet carrier density between sou
and drain is neglected.

III. ELECTRONIC STRUCTURE CALCULATIONS

The theoretical concepts that have been employed
computing the electronic structure in strainedp-type Si in-
version layers are briefly summarized in this section.

k–p method

We use a many-bandk•p procedure to solve the one
dimensional Schro¨dinger and Poisson equation se
consistently along the growth direction that will be denot
by z. Since we focus onp-type channel devices, only the to
six valence-band states are treated quantum mechanic
whereas a classical Thomas-Fermi approximation is used
the electrons. Let us consider a strained Si or SiGe b
semiconductor first. In this case, the Schro¨dinger equation
for the six envelope functionsFn(z), (n51, . . . ,6) reads in
the standard 636 k•p Kohn-Luttinger and Bir-Pikus
basis,12–14,16

(
n51

6

@Dmn
~2!abkakb1Dmn

~0!#Fn5EFm . ~1!

The Cartesian indicesa,b are being summed over. The ter
Dmn

(0) includes the band-edge deformation potentials. We n
that the eigenvalues of this six-bandk•p matrix for bulk
strained Si deviate by less than 10% from full band struct
results15 up to energies of 0.5 eV away from the band ed

In order to determine the electronic structure of strain
Si/SiGe heterostructures, we augment Eq.~1! by the electro-
static potentialVH(z) due to the space charge that is to
calculated self-consistently, and by the piecewise cons
band offset contributionVo f f s(z). In addition, we invoke the
standard Kohn-Luttinger approach16,17 and take into accoun
the loss of translational invariance along thez direction by
replacing the wave vector-componentkz by the operatorkz
52 i\]/]z. It is therefore convenient to separate out
terms proportional tokz in the Hamiltonian Eq.~1! and to
write the resulting expression in a symmetrized form,18–20

FIG. 1. Schematic geometry of strained Si/SiGep-MOS transis-
tors. The buffer consists of strain-relaxed SiGe that determines
lateral lattice constant of the Si layer beneath source (S), gate (G),
and drain (D) contacts. The quantization of electronic states is c
culated along the dashed line.
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H~k!5AH~2!kz
2AH~2!1

1

2
@kzH

~1!~k!1H~1!~k!kz#1H~0!~k!

1@Vo f f s~z!1VH~z!#1,

(
n51

6

Hmn~k!Fn
n5EnFm

n , ~2!

wherek 5 (kx ,ky) is the in-plane wave vector and the inde
n labels the subbands associated with the top valence b
m,n51, . . . ,6. This Hermitian form of the Hamiltonian is
equivalent to current conserving boundary conditions for
envelope functionsFm

n at each heterostructure interface.17–20

We note that the termsH(2), H(1), andH(0) are independen
of position within a given heterostructure layer. All ban
parameters for Si and Ge that enter this Hamiltonian
summarized in Table I and these values have been inte
lated for Si12xGex according to Ref. 15. The biaxial strai
that characterizes the pseudomorphic growth of Si
(001)-oriented SiGe substrates is determined by the ela
constantsc11 andc12 and the bulk lattice constants. These a
given in Table II for the pure materials Si and Ge. In t
alloy, the elastic constants are interpolated linearly while
bulk lattice constant is taken from experiment.33

We have employed standard current conserving bound
conditions17 for the k•p Hamiltonian matrix at the Si/SiGe
interface and assume that the image potential cancels
many-body corrections given by the exchange and corr
tion terms ofVH(z).1,3 At the oxide and deep inside the SiG
substrate, we set to zero all envelope functions. While
has been shown to become invalid for ultrathin structure34

this approximation is well justified for the size of layers stu
ied here.

he

l-

TABLE I. Electronic structure related material parameters us
in this work, and compared to previously determined values.DEv is
the band discontinuity of the topmost valence bands of straine
on fully relaxed Ge,b is the shear deformation potential, andL, M ,
N are the bulk Luttinger valence-band parameters.

Material Parameter Present work Literature

Si:Ge DEv ~eV! 0.17 0.17,a 0.17,b 0.22,c

0.21d

Si b ~eV! 22.1 21.5,e 22.1, f 22.2,g

22.33,h 22.12,i 22.35,j

22.58,k 22.27l

L 26.64 26.69,h 25.53,m 26.64n

M 24.60 24.62,h 23.64,m 24.60n

N 28.68 28.56,h 28.32,m 28.68n

Ge L 231.34 221.65,h 230.53,m 231.34n

M 25.90 25.02,h 24.64,m 25.90n

N 234.14 223.48,h 233.64,m 234.14n

aReference 21.
bReference 22.
cReference 23.
dReference 24.
eReference 25.
fReference 26.
gReference 27.

hReference 15.
iReference 28.
jReference 29.
kReference 30.
lReference 31.
mReference 6.
nReference 32.
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The electrostatic potentialVH(z) of Eq. ~1! is determined
by the charge of the holes in the Si inversion layer and
free electrons in the SiGe substrate via the Poisson equa

2
]2VH~z!

]z2
5

e

e
@p~z!2n~z!1ND~z!#, ~3!

with the density of donorsND and the dielectric constante.
The hole and electron carrier concentration is given by

p~z!5(
n

1

2p2E dk f „EF2En~k!…uzn~k,z,r !u2,

n~z!5
1

4p3E dkdkzf „Ec~k,kz!1Vo f f s~z!2VH~z!2EF…,

~4!

respectively, wheref is the Fermi distribution function,EF
the Fermi energy,kB the Boltzmann constant,T the lattice
temperature, andEck the parabolic bulk conduction-band e
ergy. The envelope functionszn corresponding to valenc
subbandn are given by

zn~k,r ,z!5
1

AL
(
n51

6

Fn
n~k,z!eik•r, ~5!

wherer is the lateral real space vector andL is the normal-
ization length. Since we consider an impenetrable ox
layer beneath the gate~zero current approximation!, the
Fermi energy is constant and is determined by the subs
doping concentration.

IV. MOBILITY CALCULATIONS

First, we present the calculated hole scattering rates
have been obtained in terms of the quantized subband w
functions and energies discussed in the previous sec
Subsequently, we discuss a momentum-space ense
Monte Carlo procedure to compute the hole transport in
quantized two-dimensional~2D! channel that consistently in
vokes the computed 2D scattering rates. For electrons a
single conduction band, a similar procedure was carried
previously in Ref. 3.

TABLE II. Material parameters used in this work. All values a
taken from the compilation of Ref. 32.

Quantity Symbol Units Si Ge

Lattice constant a0 Å 5.43 5.65
Density r g cm23 2.33 5.32
Elastic constants c11 1011 dyn cm22 16.577 12.853

c12 1011 dyn cm22 6.393 4.826
G7v-G8v spin orbit Dso meV 44.0 296.0
Splitting
Dielectric constant esc 11.9 16.0

Dielec. constant SiO2 eox 3.9
e
n,

e

te

at
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n.
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e

a
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A. Hole-phonon interaction

By using the wave functions from Sec. III, we obtain th
following expression for the interaction between 2D ho
and bulk phonons within deformation potential theory th
includes both intra- and intersubband scattering. The sca
ing rate between a hole at statem, k into subband and wave
vectorn, k1q and a phonon of typej q is given by

Gm,n~k,k1qu j ,q!5
p

rv j ,q
D j

2uJmn~k,q,qz!u2

3d„Em~k!2En~k6q!6\v j ,q…

3S 1

2
7

1

2
1nj ,qD . ~6!

Here, the signs indicate phonon emission and absorpt
respectively,r is the mass density,nj ,q represents the pho
non occupation number,D j is the angular averaged deform
tion potential coupling constant that we take from unstrain
bulk, andv j ,q is the phonon frequency. The electronic ove
lap factor is given by

Jmn~k,q,qz!5E
0

`

zn~k6q,z!exp@2 i ~q•r1qzz!#

3zm~k,z!dz. ~7!

This expression generalizes the standard Bloch overlap
tor that enters the bulk scattering rates for holes.35 We have
taken into account Eq.~6! for acoustic and optic phonon
with intra- as well as intersubband scattering for appro
mately 40 subbands~see Sec. V!. For acoustic phonons, th
scattering process has been treated elastically, which is
able at room temperature.

For comparison, we have also evaluated Eq.~6! with an
effective one-hole band model, where all subbands h
been assumed to be characterized by the same la
density-of-states effective mass. Optimal effective mass
ues that reproduce the fully nonparabolic results will
given in Sec. VI B.

B. Interface roughness and Coulomb scattering

Scattering due to Si-SiO2 interface roughness scatterin
has been included according to a model proposed by Go
nick et al.36–38 We have generalized this model for th
present case of confined 2D holes by taking into acco
intra- and intersubband scattering as determined by the o
lap factor Eq.~7!. The interface scattering model characte
izes the interface by two parameters, the rms step heighD
and the autocorrelation function of the step distanceL. The
parameters are listed in Table III; they enter the calculati
only for Si since the carriers are confined to a narrow reg
within the strained layer.

At room temperature and for relevant carrier concent
tions in the channel, the mobility is dominated by phon
and interface roughness scattering. We have therefore in
porated impurity scattering only within a simple Brook
Herring type expression47 that takes into account screenin
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of the 2D holes but ignores the oxide image charge effec1

Again, intra- and intersubband scattering is taken into
count.

C. Monte Carlo procedure

The carrier transport has been computed in terms o
momentum space Monte Carlo procedure for a spatially
mogeneous channel with constant electric fields and u
the scattering rates discussed above. The equations of m
are integrated with the numerically determined, fully nonp
rabolic subband dispersionsEm(k) in analogy to full band
Monte Carlo methods that have been developed previo
for bulk.48 Both the hole dispersion relationsEm(k) and the
inverse relationk(E,m) have been determined by a 2D di
cretization ofk space.

The Monte Carlo method requires both the individual
well as the total scattering rates. The latter can only be
tained, for each initial state in subbandm with energy
Em(k), by a numerical integration of Eq.~6! over all final
states. This amounts to integrating over the wave vec
q,qz with the numerically determined 2D band structure.

V. NUMERICAL DETAILS

The one-dimensional~1D! k•p Schrödinger equation was
solved using finite differencing on an inhomogeneous gri49

and a standard eigenvalue solver. For the 15 nm Si layer
a 500 nm substrate, a few 100 grid points suffice for obta
ing well converged eigenfunctions and eigenvalues. The
ear 1D Poisson equation was solved exactly in each itera
and self-consistency has been obtained by relaxation u
Broyden’s convergence acceleration.50

For the carrier trajectories, one needs to determine
carrier energy and velocity for givenk and the wave vecto
for given energy. These values have been determined by
cretizing the 2D Brillouin zone and by linear interpolatio

TABLE III. Carrier scattering related parameters for Si used
this work, and compared to previously determined values.Jac

e f f and
Dop are the average valence-band edge acoustic and optic defo
tion potentials, respectively,\vop is the phonon energy, andL and
D characterize the interface roughness.

Phonon scattering Present work Literature

Jac
e f f (eV) 5.0 3.1,a 4.0,b 5.0, c 6.2 d

Dop (108 eV cm21) 7.63 7.63,e 6.0,b 7.29,f

9.05,a 10.5g

\vop (meV) 61.2 61.2,h 62.8f

Interface roughness
scattering

L ~ Å! 20.0 220.0,i 22.0,j 13.0,k 15.0l

D ~ Å! 5.0 10.0,i 1.8, j 4.8, k 4.3 l

aReference 39.
bReference 40.
cReference 41.
dReference 42.
eReference 6.
fReference 43.

gReference 44.
hReference 45.
iReference 46.
jReference 37.
kReference 36.
lReference 1.
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between the mesh points. The full 2D Brillouin zone w
divided into 3203320 equally spaced mesh points. The i
tegrated scattering rates have been calculated by nume
integration over the two-dimensional Brillouin zone with th
linear tetrahedron method for 40 subbands and also u
3203320 wave vectors.51

VI. RESULTS

A. Self-consistent subbands

When bulk Si gets biaxially strained by a pseudomorp
~001! Si0.8Ge0.2 substrate, the light- and heavy hole band sp
by an amount of 80 meV.15 Importantly, the top valence
band edge is formed by the light-hole band while the hea
hole band has lower energy. In a MOSFET, the band e
varies spatially due to the confining Hartree potential t
forms the inversion channel. In Fig. 2, the light- and heav
hole valence-band edge energies, including the s
consistently computed Hartree potential, are plotted fo
strained Si/Si0.8Ge0.2 p-MOS as a function of distance from
the oxide interface. Also shown in this figure is the spatia

a-

FIG. 2. Calculated valence-band energy~in eV! and hole density
(1018 cm23) versus position for ap-type strained Si inversion
channel on top of a Si0.8Ge0.2 buffer. This cross section is show
along the structure appearing in the top inset and indicated b
dashed line in Fig. 1. The thick full~dashed! lines are the light-
~heavy-! hole band-edge energies of bulk strained Si including
Hartree potential.ns is the inversion layer density and amounts
~a! ns51.231012 cm22 and~b! ns5431011 cm22. The doping in
the Si and SiGe layers isND5531016 cm23 in both cases.
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resolved hole carrier density perpendicular to the chan
that results from the occupancy of the bound states in
inversion channel. At room temperature, only the 3–4 hi
est hole subbands are significantly occupied. In accorda
with the band-edge states, the topmost subband has pred
nantly light-hole character whereas the second, heavy-
related subband lies 55 meV below.

The results shown in Fig. 2 have been obtained for hom
geneouslyn-doped Si and SiGe withND5531016 cm23.
By increasing the gate voltage from 1.1 V to 1.6
~assuming a 5 nmgate oxide!, we find the sheet inversion
hole charge densityns5*2`

1`p(z)dz to increase fromns

5431011 cm22 to ns51.231012 cm22. Figure 2 clearly
shows the formation of the inversion channel. In additio
however, the hole density is seen to possess another, a
smaller, maximum at the strained-Si/SiGe interface. T
parasitic channel is caused by the band discontinuity at
interface and contains almost 30% of the holes for the g
voltage in Fig. 2~b!. The influence of this parasitic chann
becomes negligible for high gate voltages, such as Fig. 2~a!.

B. Drift velocity and energy

In Fig. 3, the low field~average! drift velocity and aver-
age kinetic energy is shown as obtained by the Monte C
calculations of the 2D hole transport at room temperatu
For comparison, we also present results for an unstraine
channel~on Si substrate!. The present results indicate clear
the significantly improved transport characteristics
strained Si on SiGe substrate. In principle, there are
counteracting effects that influence the drift velocity and
ergy in the inversion channel, namely, the strain induc
splitting of the top valence bands and the electric field
duced confinement. The strain causes the light-hole ban
form the valence band edge so that the holes occupy ma
the light-hole band that leads to a decrease in the condu
ity mass and a corresponding increase in velocity. In ad
tion, the band splitting reduces the~predominantly acoustic!
intersubband phonon scattering that further enhances the
locity. The confinement of the carriers in the inversion cha
nel, on the other hand, tends to favor the occupancy of
heavy holes since the light holes get pushed to higher e
gies. However, the latter effect is much smaller than
former, even for small Ge concentrations, i.e., small stra
Finally, there is another confinement effect that originates
the Si/SiGe valence band offset. Since the valence ban
energetically lower in Si than in SiGe, this offset tends
delocalize the holes. However, the inversion channel ha
width of less than 10 nm~see Fig. 2!, which makes this
adverse effect negligible as well.

It is instructive to compare the self-consistent resu
based on the nonparabolic subband structure with a sim
model that uses subbands calculated from a single, sphe
effective bulk band with a constant effective mass. Suc
model allows one to evaluate the scattering rates analytic
For low fields, we find that the rigorously predicted transp
characteristics can be well represented by a single effec
parabolic band, as shown in Fig. 3. We note that the effec
masses shown in this figure are only slightly higher th
the bulk density of states masses that have b
calculated previously6 for holes in strained and unstraine
bulk material.
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C. Hole mobility in unstrained Si

In Fig. 4, we show the low field hole mobility for un
strained Sip-inversion layers as a function of the sheet ho
densityns , as computed with the self-consistent multiba
model of Sec. IV. We have decomposed the calculated h
mobility into separate contributions due to phonon (mph),
ionized impurity (m imp), and surface roughness (mSR) scat-
tering. These partial mobilities are plotted in Fig. 4 and ha
been obtained by calculating the difference between the t
mobility and the mobility that results from artificially switch
ing off that particular scattering mechanism.

These partial mobilities exhibit clear trends as a funct
of sheet density. The contribution due to phonons scales w
mph;ns

21/3 in accordance with the correspondingns
21/3 de-

pendence of the envelope form factorJmn .9,52 The surface
roughness scattering rate3 yields mSR;(ns1Ncharge)

22

which suppresses the mobility at high densities. Impur
scattering is only effective for small carrier concentrati
and becomes unimportant for higherns due to screening.
Based on the analytic form of the impurity scattering ra
one expects an approximately linear dependence on the
sity in the low field regime, which is indeed what we find3

Altogether, we find the hole mobility to be dominated b

FIG. 3. Solid lines show the calculated~a! drift velocity in
cm s21 and~b! average kinetic energy in meV for an unstrained
p-MOS and for the strained Si/Si0.8Ge0.2 p-MOS structure. The
inversion hole density isns51.231012 cm22. Also shown is a fit
of the calculated result to a parabolic one-band model with t
different effective hole massesm* ~dashed lines! .
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phonon scattering for intermediate densities and by sur
roughness scattering in the limit of highns .

Experimental low field hole mobilities in MOS device
are often given as a function of the effective normal field t
is defined by53

Ee f f5
e

eS 1

3
ns1NchargeD ,

Ncharge5E „ND~z!2n~z!…dz, ~8!

whereNcharge is the sheet density of the ionized impuritie
integrated along the dashed line in Fig. 1. This definit

FIG. 4. Thick line shows calculated hole mobility~in
cm2 V21 s21) as a function of the inversion hole density~in
cm22) in unstrained Sip-MOSFET at room temperature. The sym
bols indicate the separate contributions due to phonon, ionized
purity, and surface roughness scattering, respectively. The da
lines only guide the eye.

FIG. 5. Calculated hole mobility~in cm2 V21 s21) of unstrained
Si p-MOSFET at two different temperatures as a function of
effective electric field~in V cm21) as defined in the main text. Th
symbols indicate experimental results~Ref. 53!.
ce

t

allows one to represent mobilities in a way that is appro
mately independent of the substrate doping.

In Fig. 5, we compare the present theoretical predictio
for the hole mobility as a function ofEe f f and for two dif-
ferent temperatures with the experimental data,53 using the
physical parameters given in Table III. As can be seen,
find excellent agreement with experiment. This shows t
subband quantization plays a determining role
p-inversion layers. The good agreement for both 77 and
K is particularly noteworthy and confirms the accuracy of t
present model for inter- and intrasubband phonon scatter

D. Hole mobility in strained Si/SiGe

We now turn to the hole mobility in strained Si/SiG
p-MOSFET’s. We have studied relaxed buffers with up
50% Ge concentrations. In the calculations, we have
sumed that the quality of the Si/oxide interface does

-
ed

FIG. 6. Calculated room-temperature hole mobility~in
cm2 V21 s21) in strained Si/Si0.7Ge0.3 p-MOSFET~solid line! and
in unstrained Sip-MOSFET ~dashed line! as a function of the ef-
fective electric field.

FIG. 7. Calculated ratio of mobility in strained Si/SiGep-MOS
structure to an unstrained pure Sip-MOS structure~solid line!. The
horizontal axis gives the Ge content of the SiGe buffer that provi
the strain in the Si layer. The experimental result~Ref. 10! is indi-
cated by a square. For comparison, we also include experime
results ~Ref. 4! in strained Si/SiGen-type MOS transistors~tri-
angles!. The dashed line only guides the eye.
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deteriorate with increasing Ge concentration of the bu
and used the same interface roughness parameters thro
out.

In Fig. 6, we show the predicted hole mobility for
30% Ge concentration, as obtained with the present Mo
Carlo calculations. For comparison, the figure also shows
result for unstrained Si that had been discussed in the pr
ous section. We predict the hole mobility in strained Si/Si
to be significantly higher than in pure Si inversion laye
which is consistent with the higher drift velocity that w
found in Sec. VI B. By systematically varying the Ge co
centration, we find the maximum mobility enhancement
be a factor of 2.5 and to saturate for Ge compositions lar
than 40%, as shown in Fig. 7. For Si/Si0.7Ge0.3, the maxi-
mum hole mobility exceeds that one of pure Si already b
factor of 2.3. The saturation is caused by an almost comp
transfer of the holes into the light hole band for sufficien
large strain. A similar effect is known experimentally for th
p

p
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ki,

ts
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r
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te
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vi-
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electron mobility in strained Si/SiGen-MOS structures that
is also depicted in Fig. 7 for comparison. The present p
dictions appear to be in excellent agreement with the o
published experimental result10,54 of the hole mobility in
strained Si MOS channels~with 18% Ge concentration; se
Fig. 7! that we are aware of.

VII. CONCLUSIONS

In conclusion, we have presented a detailed study of
low field mobility in strainedp-Si/SiGe MOSFET structures
that fully takes into account the quantum confined carr
dynamics. We predict a mobility enhancement factor up
2.3 for Ge concentrations of 30% in the substrate and e
higher enhancements for higher Ge content. Our calculat
are in excellent agreement with experiment, both for strain
Si/SiGe as well as for unstrained Sip-MOSFET’s.
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