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Subband structure and mobility of two-dimensional holes in strained Si/SiGe MOSFET’s
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The hole mobility of p-type strained Si metal-oxide-semiconductor field-effect transiSfd@SFET'S
fabricated on a SiGe substrate is investigated theoretically and compared with the mobility of conventional
(unstrainedl Si p-MOSFET's. Two-dimensional quantization of the holes is taken into account in terms of a
self-consistent six-bankl-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 unspraypeddevice. The
calculated low-field mobility is in excellent agreement with experimental data for strained §&éb and for
unstrained Sp-MOSFET's.[S0163-182688)10635-5

[. INTRODUCTION quantization due to the confining electric field, the Si/oxide
interface induced scattering, as well as the two-dimensional

.Ewo-dlnjens(;onal elfgc;[crjonﬁtransport n Bitype Frrée_i_t’al- carrier screening can give mobilities that substantially differ
oxide-semiconductor field-effect transisto®10S S from bulk values Simpler model calculations show qualita-

has been studied expe_nTentaII_y_and theoretically for many,ye|y similar trends for electrodsin strained Si inversion
years and in great detdit Surprisingly, rather few theoret- |ayers and for holdsin unstrained Si. However, to the best of
ical studies have been published so far that focus on the holg, knowledge, no calculations for strainpetype Si/SiGe
tl’ansport inp-type S| inVerSion Channe|S. In part, th|S iS due inversion |ayers have been pub“shed yet
to the complex valence-band structure of Si, but it also has |n Sec. II, we discuss the geometry and material compo-
purely practical reasons. Standgrdype MOSFET devices sitions of thep-type MOSFET structures that we consider in
have much poorer transport characteristics thatype  this paper. The theoretical methods employed are briefly
devices—mainly due to the heavy effective hole masses—summarized in Sec. Ill. The electronic structure calculations
which made them less relevant for accurate device modelingire based on a self-consistent multibdng method(Sec.
Recently, however, the growth of pseudomorphic strainedll) and the carrier dynamics is computed in terms of a
Si and SjGe, _, structures has created a new degree of freemomentum-space Monte Carlo method that is discussed in
dom for tailoring transport characteristics mftype as well ~ Sec. IV. The scattering mechanisms are summarized in Secs.
as p-type MOSFET devices. While strain and alloying IV A and IV B, and the equations of motion in Sec. IV C.
makes a quantitative transport analysis even more comple@fter briefly discussing the numerical details in Sec. V, we
it has now become highly relevant to assess the potential giresent resultéSec. V) for the self-consistently determined
this new degree of freedom for improvipgtype Si devices. confined hole subbands in Sec. VI A, hole drift velocity and
In this paper, we present a detailed theoretical analysis o#nergy (Sec. VI B), and finally, the hole mobility in un-
hole mobilities in strained Si/SiGe inversion layers thatstrained as well as in strained Si/SiGe structures in Secs.
quantitatively takes into account the electronic states of th&/| C and VI D, respectively. A summary in Sec. VIl con-
quantum-confined holes as well as the Boltzmann carrier dycludes the paper.
namics. We employ a self-consistent multibdng method
for th_e electronic SL_Jbband structure of the confined holes and Il. STRAINED p-TYPE MOSFET STRUCTURES
take into account inter- and intrasubband phonon, remote-
impurity, and interface roughness scattering in terms of an We considerp-channel MOS structures such as shown
ensemble Monte Carlo procedure. The only major simplifi-schematically in Fig. 1. Beneath the gate oxide, we assume a
cation in our calculations is the assumption of a spatiallyl5 nm layer of{001] strained Si that is grown pseudomor-
homogeneous inversion channel. phically on a fully relaxed SiGe buffer. The stress is pro-
In bulk strained Si and SiGe alloys, the semiclassicaVided by the buffer that sets the in-plane lattice constant that
transport ofn- as well asp-type material has been studied in is larger than in bulk Si. Both regions are assumed to be
terms of elaborate full-band Monte Carlo calculatiis. homogeneouslyn doped. We consider a doping concentra-
These calculations showed very significant improvements iion of 5x 10'® cm™3. Such a structure can be fabricated by
the electron and hole mobility of biaxially strained Si grown the “graded-buffer concept(see, e.g., Refs. 8 and 16r by
on a SiGe substrate. This is due to the lifting of the band-‘silicon-on-insulator technology.’ The subband structure
edge degeneracies that affects the transport masses and asd the channel density is determined by an interplay be-
duces intervalley or interband scattering. tween strain, confinement, and doping effects that in turn
For n-type Si inversion layers, it has been shown by de-determines the mobility along the channel. We will compute
tailed theoretical calculations that the effect of the carriethe subband structure beneath the gate by a self-consistent
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TABLE I. Electronic structure related material parameters used
in this work, and compared to previously determined valids, is
the band discontinuity of the topmost valence bands of strained Si
n-Si, strained on fully relaxed Geb is the shear deformation potential, andM,
N are the bulk Luttinger valence-band parameters.

n-SiGe, relaxed

— Material Parameter Present work Literature
FIG. 1. Schematic geometry of strained Si/SIG#OS transis-  S-Ge  AE, (eV) 0.17 0.1770.17,°0.22,°
tors. The buffer consists of strain-relaxed SiGe that determines the 0.21¢
lateral lattice constant of the Si layer beneath souB)e gate G),  Si b (eVv) -21 —-15,° —2-1,f.—2-2,9J .
and drain D) contacts. The quantization of electronic states is cal- —2.33,h —-2.12'-235/
culated along the dashed line. —258K%—2.27

L —6.64 ~6.69," —5.53,™ —6.64"
solution of the one-dimensional Schiinger and Poisson M —4.60 —-4.62," —3.64," —4.60"
equation(along the dashed line depicted in Fig.dnd sub- N —8.68 —8.56," —8.32," —8.68"
sequently evaluate the lateral transport by solving the fullge L —-31.34 —21.65M—-30.53," —31.34"
Boltzmann transport equation with a Monte Carlo technique. M ~5.90 —5.02," —4.64,™ —5.90"
Since we are mainly interested in the low-field mobility, the N —34.14 —23.481—-33.64,M —34.14"
lateral variation of the sheet carrier density between source

and drain is neglected. “Reference 21. "Reference 15.
PReference 22. 'Reference 28.
‘Reference 23. IReference 29.
Ill. ELECTRONIC STRUCTURE CALCULATIONS dReference 24. kReference 30.
The theoretical concepts that have been employed fo?Reference 25. 'Reference 31.
computing the electronic structure in strainedype Si in-  Reference 26. nmReference 6.
version layers are briefly summarized in this section. ‘Reference 27. Reference 32.
. 1
k-p method H(K) = VHZKEVHZT+ 2 [IH® (k) + Y (k)] +HO ()
We use a many-banll-p procedure to solve the one-
dimensional Schuinger and Poisson equation self- +[Vorre(2) +Viu(2)11,

consistently along the growth direction that will be denoted

by z. Since we focus op-type channel devices, only the top 6 , ,

six valence-band states are treated quantum mechanically, nzl Hmn(K)FR=E,Fp, 2
whereas a classical Thomas-Fermi approximation is used for

the electrons. Let us consider a strained Si or SiGe bulk ) ) .
semiconductor first. In this case, the Salinger equation Wherek = (k,k,) is the in-plane wave vector and the index

for the six envelope functiors,(z), (n=1,...,6)readsin ¥ labels the subbands associated with the top valence bands
the standard &6 k-p Kohn-Luttinger and Bir-Pikus ™MN=1,...,6.This Hermitian form of the Hamiltonian is
basisl2-1416 equivalent to current conserving boundary conditions for the

envelope function§}, at each heterostructure interfade®
6 We note that the termd®, H®), andH© are independent
> [Dﬁ]aﬁkakﬂjL DOIF,=EF,,. (1)  of position within a given heterostructure layer. All band
n=1 parameters for Si and Ge that enter this Hamiltonian are
summarized in Table | and these values have been interpo-
The Cartesian indices, 8 are being summed over. The term |ated for Sj_,Ge, according to Ref. 15. The biaxial strain
Dﬁf’g includes the band-edge deformation potentials. We notéhat characterizes the pseudomorphic growth of Si on
that the eigenvalues of this six-bakdp matrix for bulk  (001)-oriented SiGe substrates is determined by the elastic
strained Si deviate by less than 10% from full band structureonstants,, andc,, and the bulk lattice constants. These are
result$® up to energies of 0.5 eV away from the band edgegiven in Table Il for the pure materials Si and Ge. In the
In order to determine the electronic structure of strainedlloy, the elastic constants are interpolated linearly while the
Si/SiGe heterostructures, we augment Eg.by the electro-  bulk lattice constant is taken from experiméht.
static potentiaMy(z) due to the space charge that is to be  We have employed standard current conserving boundary
calculated self-consistently, and by the piecewise constamtonditions’ for the k- p Hamiltonian matrix at the Si/SiGe
band offset contributioW,¢:5(z). In addition, we invoke the interface and assume that the image potential cancels the
standard Kohn-Luttinger approd€tt’ and take into account many-body corrections given by the exchange and correla-
the loss of translational invariance along thelirection by  tion terms ofV,(z).1 At the oxide and deep inside the SiGe
replacing the wave vector-compondqgtby the operatok,  substrate, we set to zero all envelope functions. While this
=—i%aldz. It is therefore convenient to separate out allhas been shown to become invalid for ultrathin structdftes,
terms proportional td, in the Hamiltonian Eq(1) and to  this approximation is well justified for the size of layers stud-
write the resulting expression in a symmetrized fdfirf° ied here.
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TABLE Il. Material parameters used in this work. All values are A. Hole-phonon interaction

taken from the compilation of Ref. 32. By using the wave functions from Sec. lll, we obtain the

following expression for the interaction between 2D holes

Quantity Symbol Units S Ge and bulk phonons within deformation potential theory that
Lattice constant ap A 5.43 5.65 includes both intra- and intersubband scattering. The scatter-
Density p g cm 3 2.33 5.32 ing rate between a hole at staie k into subband and wave
Elastic constants ¢y 10" dyn cm? 16,577 12.853 vectorv, k+q and a phonon of typgq is given by
cy, 10" dyn cm? 6.393  4.826
I';,-I'g, spin orbit Ago meV 440 296.0 ar
Splitting Fu,v(k!k+q|j!q):TAﬂ‘]MV(k’q!qz)'z
Dielectric constant €sc 11.9 16.0 P@iq
Dielec. constant Si© e,y 3.9 O, ()~ Bk )=o) q)
1 1
X §+§+nqu). (6)

The electrostatic potentid(z) of Eq. (1) is determined
by the charge of the holes in the Si inversion layer and tht?_|

free electrons in the SiGe substrate via the Poisson equation ere, the sIigns indicate phonqn emission and absorption,
réspectivelyp is the mass densityy;  represents the pho-

5 non occupation numbed; is the angular averaged deforma-
9 Vu(2) _€ B N 3 tion potential coupling constant that we take from unstrained
P P2 =n@)+No(2)], © bulk, andw; 4 is the phonon frequency. The electronic over-
lap factor is given by
with the density of donordly and the dielectric constaat
The hole and electron carrier concentration is given by %
Sukaa) = [ rkrazeni-ita r+a2)]

1
p2)=3 55 | dkiE—EL 0 a k0l X £4(k.2)dz @

L This expression generalizes the standard Blglcs:eh overlap fac-
tor that enters the bulk scattering rates for hafeg/e have

n(z)= ﬁf dkdk,f(Ec(k,ky) +Voris(2) =Vu(2) ~Ep), taken into account Eq6) for acoustic and optic phonons

(4) with intra- as well as intersubband scattering for approxi-
mately 40 subband&ee Sec. Y. For acoustic phonons, the

respectively, wherd is the Fermi distribution function¢ scattering process has been treated elastically, which is suit-

the Fermi energykg the Boltzmann constant, the lattice  able at room temperature.

temperature, anH,, the parabolic bulk conduction-band en- ~ For comparison, we have also evaluated &j.with an

ergy. The enve|ope function&y Corresponding to valence effective one-hole band model, where all subbands have

subbandv are given by been assumed to be characterized by the same lateral
density-of-states effective mass. Optimal effective mass val-
18 ues that reproduce the fully nonparabolic results will be
Q(kJ,Z):\/—EE Fr(k,z)e'r, (5) givenin Sec. VIB.
n=1

wherer is the lateral real space vector ahds the normal- B. Interface roughness and Coulomb scattering

ization length. Since we consider an impenetrable oxide Scattering due to Si-SiQinterface roughness scattering
layer beneath the gatéero current approximationthe  has been included according to a model proposed by Good-
Fermi energy is constant and is determined by the substrattick et al3®—>® We have generalized this model for the
doping concentration. present case of confined 2D holes by taking into account
intra- and intersubband scattering as determined by the over-
lap factor Eq.(7). The interface scattering model character-
izes the interface by two parameters, the rms step height
First, we present the calculated hole scattering rates thand the autocorrelation function of the step distafceThe
have been obtained in terms of the quantized subband waysrameters are listed in Table 1lI; they enter the calculations
functions and energies discussed in the previous sectionly for Si since the carriers are confined to a narrow region
Subsequently, we discuss a momentum-space ensembidthin the strained layer.
Monte Carlo procedure to compute the hole transport in the At room temperature and for relevant carrier concentra-
guantized two-dimension&2D) channel that consistently in- tions in the channel, the mobility is dominated by phonon
vokes the computed 2D scattering rates. For electrons andand interface roughness scattering. We have therefore incor-
single conduction band, a similar procedure was carried oyporated impurity scattering only within a simple Brooks-
previously in Ref. 3. Herring type expressidhthat takes into account screening

IV. MOBILITY CALCULATIONS
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TABLE Ill. Carrier scattering related parameters for Si used in ) X
this work, and compared to previously determined val&y. and Ox] sSi SiGe
A, are the average valence-band edge acoustic and optic deforma- 4 0.4
tion potentials, respectivelyiw,, is the phonon energy, antd and —_— Si/ Si0 8Ge 0.2 (a) 5
A characterize the interface roughness. = ) ' L
S 3 ng= 12-10%m? H 03 B
Phonon scattering Present work Literature Sb 5’:3
=4
e m
22 (eV) 5.0 3.1,24.0,°5.0,°6.2¢ o2 lo2 o
Aqp (10° eV cmY) 7.63 7.63¢6.0,7.29, = §
)
9.05,210.5¢ 5 loy ®
fiwop (MeV) 61.2 61.2" 62.8 T . §
[) ©
Interfa(?e roughness T 00 =
scattering 0 10 20 30 40
: - Distance from interface [nm
A (A) 20.0 220.0! 22.0,) 13.0,% 15.0' [nm]
A (A 5.0 10.0, 1.8,) 4.8, 4.3 4 ®) 04
. . >
= ()
aReference 39. 9Reference 44. ‘?E Si/ SIO-BGe 0.2 -~
PReference 40. "Reference 45. 6 3r = atotom? ] 03 D
‘Reference 41. 'Reference 46. - s = 4 10 cm e
‘Reference 42. IReference 37. = lo2 o
°Reference 6. KReference 36. 2 : =
Reference 43. 'Reference 1. "c’ o
3 401 §
of the 2D holes but ignores the oxide image charge effects. 2 5
Again, intra- and intersubband scattering is taken into ac- ;E o S ~— 0.0 g

count. (] 10 20 30 a0
Distance from interface [nm)]

C. Monte Carlo procedure

. . FIG. 2. Calculated valence-band enefgyeV) and hole density
The carrier transport has been computed in terms of a;s cm™3) versus position for #p-type strained Si inversion

momentum space Monte Carlo procedure for a spatially Noghannel on top of a §iGe, , buffer. This cross section is shown
mogeneous channel with constant electric fields and usingjong the structure appearing in the top inset and indicated by a
the scattering rates discussed above. The equations of moti@gshed line in Fig. 1. The thick fulldashed lines are the light-
are integrated with the numerically determined, fully nonpa-heavyj hole band-edge energies of bulk strained Si including the
rabolic subband dispersioris, (k) in analogy to full band Hartree potentialn is the inversion layer density and amounts to
Monte Carlo methods that have been developed previouslgs) n,=1.2x 10 cm~2 and(b) ng=4x10'* cm~2. The doping in

for bulk*® Both the hole dispersion relatior, (k) and the  the Si and SiGe layers Np=5X10"® cm™ in both cases.

inverse relatiork(E, ) have been determined by a 2D dis-

cretization ofk space.

The Monte Carlo method requires both the individual asbetween the mesh points. The full 2D Brillouin zone was
well as the total scattering rates. The latter can only be obdivided into 320 320 equally spaced mesh points. The in-
tained, for each initial state in subband with energy tegrated scattering rates have been calculated by numerical
E,(k), by a numerical integration of Eq6) over all final integration over the two-dimensional Brillouin zone with the
states. This amounts to integrating over the wave vectornear tetrahedron method for 40 subbands and also using
9,9, with the numerically determined 2D band structure. 320X 320 wave vectors:

V. NUMERICAL DETAILS VI. RESULTS

The one-dimensiondllD) k- p Schralinger equation was A. Self-consistent subbands

solved using finite differencing on an inhomogeneous“grid ~ When bulk Si gets biaxially strained by a pseudomorphic
and a standard eigenvalue solver. For the 15 nm Si layer an@®01) Sij {Ge, , substrate, the light- and heavy hole band split
a 500 nm substrate, a few 100 grid points suffice for obtainby an amount of 80 meV2 Importantly, the top valence-
ing well converged eigenfunctions and eigenvalues. The linband edge is formed by the light-hole band while the heavy
ear 1D Poisson equation was solved exactly in each iteratiohole band has lower energy. In a MOSFET, the band edge
and self-consistency has been obtained by relaxation usingpries spatially due to the confining Hartree potential that
Broyden’s convergence acceleratidn. forms the inversion channel. In Fig. 2, the light- and heavy-
For the carrier trajectories, one needs to determine thhole valence-band edge energies, including the self-
carrier energy and velocity for given and the wave vector consistently computed Hartree potential, are plotted for a
for given energy. These values have been determined by distrained Si/SjgGey > p-MOS as a function of distance from
cretizing the 2D Brillouin zone and by linear interpolation the oxide interface. Also shown in this figure is the spatially
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resolved hole carrier density perpendicular to the channel
that results from the occupancy of the bound states in the ' SIS Ge
inversion channel. At room temperature, only the 3—4 high- » (a) -
est hole subbands are significantly occupied. In accordance
with the band-edge states, the topmost subband has predomi-
nantly light-hole character whereas the second, heavy-hole
related subband lies 55 meV below.

The results shown in Fig. 2 have been obtained for homo-
geneouslyn-doped Si and SiGe wittNp=5x10'® cm 3.
By increasing the gate voltage from 1.1 V to 1.6 V
(assumig a 5 nmgate oxide, we find the sheet inversion 5 /'«\=;o
hole charge density,=/"*p(z)dz to increase fromng 10 | i !
=4Xx10" cm 2 to ng=1.2x10*2 cm 2. Figure 2 clearly 10 10*
shows the formation of_the_ inversion channel. In addition, _ Electric field [V cm ']
however, the hole density is seen to possess another, albeit
smaller, maximum at the strained-Si/SiGe interface. This
parasitic channel is caused by the band discontinuity at this 50 T
interface and contains almost 30% of the holes for the gate b = This work
voltage in Fig. Zb). The influence of this parasitic channel s ( ) ..... parabolic model
becomes negligible for high gate voltages, such as Ka&). 2

-
°q

— This work

----- parabolic
model

Drift velocity [cm s '1]

40 i/Si
.SIIS' o.sGeo.z
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 Carlo
calculations of the 2D hole transport at room temperature.
For comparison, we also present results for an unstrained Si
channel(on Si substrate The present results indicate clearly !
the significantly improved transport characteristics of 103 104
strained Si on SiGe substrate. In principle, there are two Electric field [V cm 1]
counteracting effects that influence the drift velocity and en-
ergy in the inversion channel, namely, the strain induced FIG. 3. Solid lines show the calculated) drift velocity in
splitting of the top valence bands and the electric field in-cm s * and(b) average kinetic energy in meV for an unstrained Si
duced confinement. The strain causes the light-hole band #&-MOS and for the strained Si3iGe,, p-MOS structure. The
form the valence band edge so that the holes occupy mainipversion hole density iss=1.2x10'* cm~2 Also shown is a fit
the light-hole band that leads to a decrease in the conductiyf the calculated result to a parabolic one-band model with two
ity mass and a corresponding increase in velocity. In addidifferent effective hole masses* (dashed lineks.
tion, the band splitting reduces tleredominantly acoustjc
intersubband phonon scattering that further enhances the ve-
locity. The confinement of the carriers in the inversion chan-
nel, on the other hand, tends to favor the occupancy of the In Fig. 4, we show the low field hole mobility for un-
heavy holes since the ||ght holes get pushed to h|gher eneﬁtramEd Sip-inversion Iayers as a function of the sheet hole
gies. However, the latter effect is much smaller than thedensityns, as computed with the self-consistent multiband
former, even for small Ge concentrations, i.e., small strainmodel of Sec. IV. We have decomposed the calculated hole
Finally, there is another confinement effect that originates ifmobility into separate contributions due to phonga,),
the Si/SiGe valence band offset. Since the valence band ignized impurity (uimp), and surface roughnesg§g) scat-
energetically lower in Si than in SiGe, this offset tends totering. These partial mobilities are plotted in Fig. 4 and have
delocalize the holes. However, the inversion channel has &een obtained by calculating the difference between the total
width of less than 10 nnmisee Fig. 2, which makes this mobility and the mobility that results from artificially switch-
adverse effect negligible as well. ing off that particular scattering mechanism.

It is instructive to compare the self-consistent results These partial mobilities exhibit clear trends as a function
based on the nonparabolic subband structure with a simplef sheet density. The contribution due to phonons scales with
model that uses subbands calculated from a single, sphericapn~ n; ¥®in accordance with the corresponding*® de-
effective bulk band with a constant effective mass. Such @endence of the envelope form factby, 952 The surface
model allows one to evaluate the scattering rates analyticallyoughness scattering rateyields wsg~(ns+ NchargQ*2
For low fields, we find that the rigorously predicted transportwhich suppresses the mobility at high densities. Impurity
characteristics can be well represented by a single effectivecattering is only effective for small carrier concentration
parabolic band, as shown in Fig. 3. We note that the effectivand becomes unimportant for higheg due to screening.
masses shown in this figure are only slightly higher tharBased on the analytic form of the impurity scattering rate,
the bulk density of states masses that have beeone expects an approximately linear dependence on the den-
calculated previousfyfor holes in strained and unstrained sity in the low field regime, which is indeed what we fihd.
bulk material. Altogether, we find the hole mobility to be dominated by

Average energy [ meV ]

C. Hole mobility in unstrained Si
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FIG. 6. Calculated room-temperature hole mobilityn
FIG. 4. Thick line shows calculated hole mobilityin cm? V-1 s7Y) in strained Si/Sj-Ge, s p-MOSFET (solid line) and
cm? V™' s7%) as a function of the inversion hole densifin i ynstrained Sp-MOSFET (dashed lingas a function of the ef-
cm~?) in unstrained Sp-MOSFET at room temperature. The sym- factive electric field.
bols indicate the separate contributions due to phonon, ionized im-
purity, and surface roughness scattering, respectively. The dashed

li I ide th . S . .
Ines only guice the eye allows one to represent mobilities in a way that is approxi-

mately independent of the substrate doping.
phonon scattering for intermediate densities and by surfac]% rl?hglgjé x?)bcilci)t?gasrz tft;i(f)tirgrs]ecr; tfr:z?]rgt;giltvr\)/roegli?—tlons
7 . : e
roughne;s scattering In the limit of h'gn . . ferent temperatures with the experimental ddtasing the
Experimental low field hole mobilities in MOS devices hysical parameters given in Table IIl. As can be seen, we
are often given as a function of the effective normal field tha ind excellent agreement with experihent This shows ,that
is defined by’ subband quantization plays a determining role for
p-inversion layers. The good agreement for both 77 and 300

E. =2 ZnitN K is particularly noteworthy and confirms the accuracy of the
eff™ | 37 's " charge) present model for inter- and intrasubband phonon scattering.
D. Hole mobility in strained Si/SiGe
Ncharge:f (Np(2) —n(2))dz, (8 Y o ) o
We now turn to the hole mobility in strained Si/SiGe

. . - . .. p-MOSFET’s. We have studied relaxed buffers with up to
whereNcnarge IS the sheet density of the ionized impurities, 50% Ge concentrations. In the calculations, we have as-

integrated along the dashed line in Fig. 1. This definitionSumeol that the quality of the Si/oxide interface does not

10° 26
o~ 77 K .3 24| === p-MOS (this work)
o £ 1 [0 pmos Exp) 300 K
; = 22 -
o 300 K S g0 A MMOS (Exp)
5 g 1]
> 10" [ 1 £ 16f T
= c
3 Sl K
g . £ ../ n =1-10"%m 2
P O Ex_p. (Tagaki) é 1o % l | 1 |
§ this work ) 10 20 30 40 50
] | Substrate Ge content [%)]
10 .5 Y _ . -
10 10 FIG. 7. Calculated ratio of mobility in strained Si/Si@eMOS
Effective field [V cm'1] structure to an unstrained purefMOS structurgsolid line). The

horizontal axis gives the Ge content of the SiGe buffer that provides
FIG. 5. Calculated hole mobilitfin cm? V~1s™1) of unstrained  the strain in the Si layer. The experimental reBlef. 10 is indi-
Si p-MOSFET at two different temperatures as a function of thecated by a square. For comparison, we also include experimental
effective electric fieldin V cm™?) as defined in the main text. The results(Ref. 4 in strained Si/SiGen-type MOS transistorstri-
symbols indicate experimental resul®ef. 53. angle$. The dashed line only guides the eye.
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deteriorate with increasing Ge concentration of the bufferelectron mobility in strained Si/SiGe-MOS structures that

and used the same interface roughness parameters througé-also depicted in Fig. 7 for comparison. The present pre-

out. dictions appear to be in excellent agreement with the only
In Fig. 6, we show the predicted hole mobility for a published experimental restfi®* of the hole mobility in

30% Ge concentration, as obtained with the present Montgtrained Si MOS channelsiith 18% Ge concentration; see

Carlo calculations. For comparison, the figure also shows theig. 7) that we are aware of.

result for unstrained Si that had been discussed in the previ-

ous section. We predict the hole mobility in strained Si/SiGe

to be significantly higher than in pure Si inversion layers, VIl. CONCLUSIONS

which is consistent with the higher drift velocity that we

found in Sec. VI B. By systematically varying the Ge con- In conclusion, we have presented a detailed study of the

centration, we find the maximum mobility enhancement tolow field mobility in strainedp-Si/SiGe MOSFET structures

be a factor of 2.5 and to saturate for Ge compositions largethat fully takes into account the quantum confined carrier

than 40%, as shown in Fig. 7. For S§96e, 3, the maxi- dynamics. We predict a mobility enhancement factor up to

mum hole mobility exceeds that one of pure Si already by &.3 for Ge concentrations of 30% in the substrate and even

factor of 2.3. The saturation is caused by an almost completkigher enhancements for higher Ge content. Our calculations

transfer of the holes into the light hole band for sufficiently are in excellent agreement with experiment, both for strained

large strain. A similar effect is known experimentally for the Si/SiGe as well as for unstrained SIMOSFET's.
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