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Abstrati-The transport properties of holes in Si, _ ,Ge, are studied with a Monte Carlo technique. If the 
strain is applied to the Si, _ ,Ge, channel, it raises the degeneracy of the heavy-hole and light-hole bands: 
for compressive strain, the heavy-hole band lies at a higher energy than the light-hole band, while for 
tensile strain, the order reverses, although it is technologically uncertain how to realize the tensile case 
at this stage. The transport properties are essentially the same for the unstrained and compressive cases, 
since most holes are in the heavy-hole band over the entire field range of interest. Although the overshot 
is negligible, the hole velocity is still higher than that of Si, reflecting the excellent hole transport properties 
in Ge. In the tensile case, we have observed a negative differential resistance region for 
5 x IO’-5 x 10’V/cm, due to the hole transfer from the light-hole band to the heavy-hole band. The 
velocity is much larger than that of compressive or unstrained cases, especially at low fields. Because of 
the small effective mass in the light-hole band, the velocity overshoot is significant in the tensile strain 
case. These results provide motivation to try to realize the tensile strain case technologically. 

I. INTRODUCTION 

Recent developments in epitaxial growth techniques 
of Si/Si, _ ,Ge, heterostructures have demonstrated a 
significant potential of the system for electron device 
applications[ l-31. In particular, an n-type modu- 
lation-doped structure has achieved a mobility of 
175,000 cm’/Vs at 1.5 K[2], and a high-transconduc- 
tance n-type SijSi, .Ge, modulation doped field- 
effect transistor has shown 600 mS/mm at 77 K with 
a gate length of 0.25 pm[3]. This high performance is 
due to the change of the conduction band structure 
in a strained Si channel. The strain releases the 
six-fold degeneracy of the conduction band in Si, and 
creates two lowered and four raised A-valleys[4,5]. 
Because of this energy split, electrons reside in the 
lowered A-valley preferably, and exhibit a smaller 
transport mass m,, which increases the mobility sig- 
nificantly; this split is also responsible for the re- 
duction of the intervalley scattering, resulting in 
excellent transport properties[6]. 

In this paper, hole transport in the strain Si, _ ,Ge, 
system is studied by a Monte Carlo technique. This 
is important especially in engineering applications, 
such as creation of a complementary circuit with 
SijSi, _ ,Ge,[7]. The Si side is a potential barrier and 
the Si, -,Ge, side is a potential well to the holes, 
regardless of which side is strained and which is 
relaxed, or if both are strained[4,8]. Thus, channel 
holes are realized in an inversion layer on the 
Si, _ ,Ge, side. The mobility in Ge is 2000 cm’/Vs, 
which is much better than that of Si, 450cm’/Vs[9]. 
The use of a Si, ,Ge, channel creates a significant 
advantage over a simple Si channel owing to this 

excellent hole transport property. The strain has been 
shown to change the valence-band structure and 
affects the transport[4,8,10]. 

The strain at the heterointerface raises the heavy- 
hole and light-hole band degeneracy. If the strain is 
compressive, the heavy-hole band is raised and the 
light-hole band is lowered; if tensile, the light-hole 
band is raised and the heavy-hole band is lowered[ IO]. 
In the latter case, it is expected that the tensile strain 
will increase the low-field mobility significantly, since 
most holes reside in the light-hole band and interband 
scattering is suppressed. This is exactly the mechan- 
ism that leads to excellent electron transport in 
strained Si[6]. Here, the compressive strain will not 
change the transport properties significantly when 
compared with the unstrained case, since the light- 
hole band has a much smaller density of states than 
the heavy-hole band, and the heavy-hole band pri- 
marily determines the transport properties in un- 
strained Si or Ge[ll,l2]. This reasoning applies to 
Si , ,Ge,, too. Therefore, if it is possible to put 
tensile strain in the Si, _ ,Ge, channel, we can make 
use of high mobility in Si, ,Ge, and also make the 
most of the strain effect. 

However, the tensile strain cannot be realized 
by a straightforward gate-metal/doped-Si(barrier)/ 
Si , _ , Ge,(channel)/Si, _, Ge,(substrate) structure. The 
band offset at the heterointerface is such that the Si 
rich side is a barrier and the Ge rich side is a potential 
well to the holes[8]. To realize tensile strain in the 
Si, ~, Ge, channel, we need .Y < y; for compressive 
stress, we need .Y > +P. But for a potential well in the 
channel, we need .Y > I’. Thus, if this conventional 
structure is used, we can realize only an unstrained 
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channel or a compressively strained channel where 
holes are confined, both of which will possess almost 

the same transport properties for holes, reflecting the 
heavy-hole band. A new idea has to be introduced to 
realize the tensile strain case and this is left as an open 
question for the future. 

We study the transport properties of holes in a 
tensile strained channel, unstrained channel. and a 
compressive strained channel, and leave the problem 
as to how they are realized. The study of the tensile 
case is included since we need to know the maximum 
performance of this system, and this may provide a 
motivation to exploit a structure to realize this con- 
dition. We concentrate on the study of the strain 
effect for holes in a Si, ,Ge, channel, and remove all 
the unnecessary complications for this purpose. A 
Monte Carlo technique has been adopted, using a 
two-band model consisting of heavy-hole and light- 
hole bands with energy-dependent effective 
masses[l2]. Warping of the valence band, which is 
important in anisotropic transport at low tempera- 
tures[l I], is not explicitly included here since we are 
interested in the average velocity over all directions. 
Phonon scattering is due to acoustic and optical 
modes that cause intraband and interband tran- 
sitions. Alloy scattering is considered based on the 
model of Ref. [I 31, and its scattering rate is shown to 
be orders of magnitude smaller than that of acoustic 
phonon scattering and not relevant. Acoustic and 
optical phonons are derived from Si and Ge and are 
never averaged, but coexist according to the molar 
fraction of Ge[14]. Acoustic phonon scattering is 
anisotropic, and angular dependence is different for 
intraband and interband scattering[l5], while optical 
phonon scattering is known to be isotropic even 
when the symmetry of the hole wave function is 
considered[ 16,171. Impact ionization is included 
using Ridley’s model for the study of high field 
transport[ 181. 

Our results show that both the unstrained and 
compressive case in Si, _ ,Ge, exhibit essentially the 
same velocity-field and energy-field characteristics. 
which are independent of the strength of the com- 
pression and are monotone functions. The velocity 
and the energy at a given field are between those of 
Si and Ge, and roughly scale according to the Ge 
ratio X. This is expected since the light-hole band has 
much smaller state density and most holes reside in 
the heavy-hole band as long as the light-hole band is 
lower in energy than the heavy-hole band. However, 
in the tensile case where the light-hole band is higher 
in energy than the heavy-hole band, a drastic change 
is observed. The velocity-field characteristics show a 
negative-differential-resistance (NDR), due to the 
same mechanism as that of NDR in GaAs, which is 
due to the k-space transfer of holes from the light- 
hole band to the heavy-hole band at a threshold 
field[9,19]. The velocity is much larger than that of 
either compressive or unstrained Si, , Ge, , reflecting 
the light effective mass in the light-hole band. These 

results provide enough motivation to develop a 
technology to realize tensile strain in the Si, _ ,Ge, 
channel layer and at the same time confine holes 
there. 

In Section 2, the valence band structure is discussed 
concentrating on the strain effect and the band offset 
across the heterojunction. In Section 3, the Monte 
Carlo model with heavy-hole and light-hole bands is 
explained and in Section 4, the results are presented 
and discussed. The conclusions are given in Section 5. 

2. VALENCE BAND STRUCTURE-STRAIN EFFECT AND 
BAND LINEUP 

In unstrained Si,_.,Ge, with arbitrary x, the va- 
lence band is composed of heavy-hole band, hght- 
hole band, and spin-orbit band as shown Fig. I(a), 
where the heavy-hole and light-hole bands are degen- 
erate at k = 0. The strain raises the degeneracy of the 
heavy-hole and light-hole bands at k = 0 and causes 
a splitting[4,10]. The general valence band structure 
(k # 0) under strain needs numerical evaluation, but 
the shift of the top of the valence band AE, compared 
with the unstrained case is calculated analytically by 
solution of a secular equation of the strain Hamil- 
tonian, for heavy-hole (h.h.), light-hole (1.h.). and 
spin-orbit (s.o.). respectively, by[4,10]: 

AE,(h.h.) = E, (1) 

AE”(1.h.) = ;(a + /I) + fJ9a* + /I2 - 2&A, (2) 

AE,(s.o.) = -$(c + /I) - fJ9s2 + A2 -2&A, (3) 

where E is the strain energy representing the strength 
of the strain, with positive values for compressive 
strain and negative values for tensile strain[lO], and 
A is the spin-orbit energy. Figure l(b) shows this 
behavior. If compressive, the heavy-hole band is 
higher. while if tensile, the light-hole band is higher, 
as schematically shown in the figure. It is reasonable 
to assume that the effect of strain is to create the 
energy shifts, and the shape of the valence band 
structure is the same as that of the unstrained 
case[20]. 

It has been reported[4,8] that the band lineup at the 
heterointerface of Si/Si, _,Ge, is schematically shown 
in Fig. 2. Depending on which side is relaxed, we have 
a type I superlattice for relaxed or strained Si and 
strained Si, _ , Ge,, and a type II superlattice for 
relaxed Si , ,Ge,and strained Si. As far as the vaIence 
band lineup is concerned, the Si side is always a 
potential barrier and the Si, _ ,Ge, side is a potential 
well to the holes, regardless of which side is relaxed 
and strained, or if both are strained[4,8]. This is in 
sharp contrast with that of the conduction band, 
whose lineup is reversed depending on which side 
of the heterojunction is relaxed[4,5]. This result 
can be at least qualitatively generalized to a 
Si, _ ,Ge,/Si, ,.Ge,. heterointerface. The valence 
band lineup is such that the Ge-rich side is a potential 
well and Si-rich side is a potential barrier to the holes. 
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Fig. I. (a) Valence structure consisting of heavy-hole, light-hole and spin-orbit bands. (b) Shift of the top 
of each band as a function of strain energy. 

regardless of which layer is strained or relaxed, or 
both are strained. 

In a doped-Si/undoped-Si, _ ,Ge,Y(channel) 
Si, _ ~ Ge, (substrate) structure, we can realize 
compressive strain in the Si, m.YGe.Y channel and can 
keep holes in this channel region for x > y, since both 
Si and Si,_,.Ge,. yield a potential barrier and the 
lattice constant of Si, _ ,Ge, adjusts that of Si, rGe,.. 

The energy band structure is shown in Fig. 3(a). The 
unstrained channel of x =y may not be difficult, as 
shown in Fig. 3(b). The realization of a tensile case 
with holes in the channel layer is not straightforward. 
Simple adoption of the above structure will cause the 
band structure in Fig. 3(c), and holes may not be 
confined in the planned channel region. Holes reside 
on the Si, VGe,y side of the Si/Si, _ ,Ge,(channel) 
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(a) 
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Relaxed SiGe 

& Strained Si v 

Fig. 2. Band lineup at the SijSi, _ ,Ge, heterojunction. 

heterostructure, but some fraction of holes may 
reside on the Si, -,Ge,. side of heterointerface at 
Si, ,Ge,(channel)/Si, _ I.Ge, (substrate). 

Nevertheless, the tensile case is of great importance 
in some applications, due to the higher-lying light- 
hole band, leading to the enhancement of mobility 
and NDR. One possibility to create tensile stress and 
also provide a potential barrier for holes is to search 
for a substrate material other than Si, _ ,Ge, but still 
compatible with Sir _ ,Ge,v in the fabrication process. 
This is left as an open question for future study. In 
this paper, we study the transport properties of the 
three cases-tensile, unstrained, and compressive 
cases assuming that these conditions are successfully 
realized, and clarify the effect of the strain in the hole 
transport in Si, ,Ge,. We seek the maximum per- 
formance of this system, and may provide a motiv- 
ation to find a structure to realize this condition. In 
order to facilitate the following discussion, a quantity 
AE is introduced by: 

AE = AE”(1.h.) - AE,(h.h.). (4) 

As is obvious from the definition, this is the energy 
splitting between the heavy-hole and light-hole bands 
and is positive for a compressive case and negative for 
a tensile case, while AE = 0 corresponds to the un- 

(4 Si,_xGe x 

EV 
(b) 

Fig. 3. Energy band of conventional superlattice structure 
SijSi, _ ,Ge,/Si,_,Ge,. 

strained case. The strain is characterized by this single 
parameter, rather than a degree of lattice mismatch, 
which would require detailed information on how the 
strain is applied to the channel. If we are interested 
in a specific structure with a degree of lattice mis- 
match given, it is possible to convert this to the strain 
energy E with the help of the Poisson ratio[lO]. Thus, 
by using (l)-(3). we can convert to the shift of the top 
of each valence band, and obtain BE by (4). As long 
as a heterojunction Si, _ ,Ge,/Si, _? Ge, or its combi- 
nation are assumed to create a strain in the channel, 
there is a technological limit for possible AE value, 
but the following Monte Carlo simulation is confined 
to JAEJ < 0.15 eV, allowing room for future techno- 

logical progress. 

3. MONTE CARLO MODEL 

We use a two-band model for the light-hole and 
heavy-hole bands. Due to the existence of the spin-or- 

bit band, the parabolic nature of each band is signifi- 
cantly altered to a nonparabolic portion in the energy 
band around /i/3121], while the parabolicity is re- 
gained if the absolute value of the hole energy is much 
larger than this. This effect can be taken into account 
by assuming a linear dispersion portion in the band 
structure[l2,21]. The effective mass is assumed to be 
constant below 1 E 1 = 0.1 A, change linearly from 0.1 
to 0.3/1 in order to include the effect of spin-orbit 
band, and again be constant above 0.3/1 in both 
bands. The effective mass values are taken from Ref. 
1171, which were averaged over various crystal direc- 
tions. Our model here may be different from hole 
Monte Carlo models commonly used[l 11. Usually, 
one warped heavy-hole band model is used to de- 
scribe the valence band structure and the light-hole 
band is neglected, due to the large difference between 
the heavy-hole and light-hole effective mass. In the 
present case, however, it is essential that heavy-hole 
and light-hole bands be kept in the model. The 
warping of the valence band is not considered since 
we are interested in the strain effects shown in 
properties averaged over the directions, and are not 
interested in the anisotropic properties[l I]. This en- 
courages us to remove unnecessary complications 
about warping[22] and allows us to concentrate only 
on the strain effect. 

It has been shown experimentally[l4] that in 
Si , ,Ge,, the original (optical) phonon modes, Si- 
like modes and Ge-like modes, coexist and are 
not averaged to bear common phonon modes. The 
phonon energies in the alloy Si, ,Ge,, are still 
the same as Si-like phonon mode or Ge-like phonon 
mode, and their scattering strengths in transport 
are divided through a linear interpolation of the 
constituent material values, namely 1 - .x :x. Our 
(optical) phonon model assumes that Si-like modes 
and Ge-like modes coexist in Si, -.Ge, and the 
scattering strengths are given by this constituent ratio 
I - .Y : .Y. 
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The acoustic phonon scattering rate is given 
by[11,12,17]: 

1 kc = 
hi T(m2 
2,,2?rh4ps2m*(E,)3’2 & (5) 

where Ey is an acoustic phonon deformation poten- 
tial, ks is the Boltzmann constant, T is the tempera- 
ture, h is the reduced Planck constant, p is the density, 
s is the sound velocity, Ek is the absolute value of hole 
kinetic energy, and m * is the energy dependent 
effective mass. This l/r, is a factor of two smaller 
than its counterpart for electrons since the integration 
of the cell periodic part of the Block function G(B) 
over 0 yields l/2, where 8 is an angle between the 
initial and final momenta of the hole during the 
scattering event, Acoustic phonon scattering is not 
isotropic, unlike that of electrons[l7]. In fact, the 
cell-periodic part of the Bloch function is 
G(e) = 3(sin2 B)/4 for an interband transition, and 
G(Q) = (I + 3 cos2 Q/4 for an intraband transition. 
The final momentum of a hole after the scattering 
event is determined by using G(B) as a probability 
function in the Monte Carlo process. 

Optical phonon scattering is assumed isotropic, 
follo~ng the results of Refs [ 161 and 1171, and 
G(B) = 1 is assumed even when the symmetry of the 
hole wave function is considered. The scattering rate 
is given by: 

1 i&p = (DiK)2 
2’%h 3po,, 

[m*(E, + ~w,,)~~~N,, 

x dEx+ m*(Ek -~w,,)~~~(N,,+ 1) 

where D, K is the optical phonon deformation poten- 
tial, hw,, is the optical phonon energy, and No,, is the 
Bose-Einstein function of optical phonons. The sec- 
ond term corresponds to emission and is non-zero 
only when Ek > ho,,,. 

Impact ionization is considered using Ridley’s 
model[ 181. The scattering rate is given by 

i/timp = C(E, - lQ2/E~, where the numerical 
constant C is related to the integration of the overlap- 
ping integral of the conduction and valence band 
wave functions, and is determined so that the exper- 
imental impact ionization rate is recovered. Holes 
lose energy equal to the band gap E, energy after 
ionization. 

Afloy scattering is elastic and can be considered 
using the model of Ref. [I 31; but the estimation shows 
that the scattering rate (N lo9 s-l) is orders of magni- 
tude smaller than that of acoustic phonon scattering 
(_ 1O’-1 s-l), even for a maximum possible strength of 
the alloy potential of 1 eV, which is usually on the 
order of 0.1 eV. 

We need to determine deformation potentials and 
the strength of impact ionization (numerical constant 
C). The acoustic deformation potential is determined 
by low field mobility values, 4.50cm2/Vs for Si and 
2OOO~m*~Vs for Ge[9]. The optical phonon defor- 
mation potential and the numerical factor for impact 
ionization are determined by the experimental ioniz- 
ation rate reported so far[9,23-251. The ionization 
rate at a given field increases with increasing optical 
phonon deformation potential and the numerical 
factor of impact ionization. The ratio of both mech- 
anisms is determined by the gradient of the loga~thm 
of the impact ionization rate as a function of the 
inverse field. The larger the numerical factor is, the 
smaller the gradient is. Thus, we can determine the 
strengths of both mechanisms. After choosing defor- 
mation potentials and the strength of impact ioniz- 
ation to recover the drift velocity and impact 
ionization rates for Si hole and Ge hole, we finally 
obtained the values in Table 1, although we do not 
exclude another choice of these parameters. Figure 4 
shows the velocity-field characteristics of Si hole and 
Ge hole, with the insertion of mobility lines. Figure 
5 illustrates the impact ioni~tion ratio, with some 
experimental results[9.23-251. Although our model is 
simple, the Monte Carlo result is well within the 
experimental values in both figures. In order to 
simulate alloys, all the deformation potentials and 
masses are assumed to be linearly dependent on the 
Ge fraction .x. 

4. RESULTS AND DISCUSSION 

In Fig. 6, we show the velocity-field characteristics 
for Si,, Ge,, with AE =O, kO.1, and rf: 0.15eV. 
Figure 7 shows the energy-field characteristics for the 
condition of Fig. 6, where the absolute value of the 
total hole energy including AE is plotted. The energy 
is the absolute value of the total energy, where the 
potential energy is measured from the top of the 
upper band. Because of the two-band model adopted, 

Table I. Monte Carlo model 
Si Ref. Ge Ref. 

os3m,, 
I .26nq, 

0.15 “” 
0.36m, 
5.0 ev 

1.05 x 10YeV 
0.0634 eV 

6.6 x IO’ m/s 
2.33 x I@ kg/m 

3 x lO’~l/s 

17 0.3461~1, 
17 0.73rn” 
17 0.042~1, 
17 0.25l?l, 
17 4.6 eV 

Pb 1.6 x lOYeV 
17 0.0371 ev 
17 3.9 x iO’m/s 
17 5.32 x lO’kg/m 

DW 3 x IO” l/s 

17 
17 
17 
17 
17 

PW 
I7 
17 
I? 

*w 

%I,~, vacuum electron mass; bp~. present work 
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hole 
lo3 ~ _-u ,d _I limU IdpLmLLLLLLLLII /I 10-2 

10’ lo* lo3 lo4 lo5 lo6 

Field (V/cm) 
Fig. 4. Velocity-field characteristics of holes in Si and Ge. 

the total energy is larger than the thermal energy if light-hole band has a much smaller state density and 
substantial number of holes populate the lower band most holes reside in the heavy-hole band as long as 
that have potential energy AE. This is in fact observed the top of the light-hole band is lower than that of 
in the figure. For compressive and unstrained cases of the heavy hole band. However, in the tensile cases 
AE > 0, the energy for F < - lo3 V/cm is thermal of AE = -0.1 and -0.15 eV, where the top of 
energy, while it is much larger for tensile cases of the light-hole band is higher that that of the 
AE < 0 due to the band split energy. In the un- heavy-hole band, a drastic change is observed. The 
strained or compressive cases of AE = 0,O. I and 0.15, velocity-field characteristics show NDR around 
the velocity and the energy are a monotone function 5 x 102-5 x IO3 V/cm, due to the same mechanism as 
of the field, with a similar shape to those of Si or Ge that of NDR in GaAs[9,19]. This is the k-space 
in Figs 4 and 5. The functional values at a given field transfer of holes from the light-hole band to the 
are between those of Si and those of Ge, roughly scale heavy-hole band at a certain threshold field. The total 
according to the Ge ratio x. This is expected since the energy measured from the highest point of the va- 

1 Si (Overtraeten and DeMk) 
101 LL_, I I Ll 1 I I ILLLLLLLLILLLl l.llLL IU 1 LULL1 i_iL 

0 1 2 3 4 5 6 7 8 9 lo 

Inverse field ( 10m6 cm/V) 
Fig. 5. Impact ionization rate as a function of the field for holes in Si and Ge. 
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1o6 
i 

AE > 0: compressive 
AE < 0: tensile ~. 

t 
a/ f--- AE=O.l5eV si,.p,., I 

lo4 LlllllJ ‘ifl1id I” IN’ ’ ‘lU J 

lo1 lo2 lo3 lo4 lo5 lo6 

Field (V/cm) 
Fig. 6. Velocity-field characteristics of holes in Si, ,Ge,, with AE = 0, + 0. I and f 0.15 eV. 

lence band increases significantly. Because of k-space 
hole transfer, the velocity characteristics for the ten- 
sile case is nonlinear down to extremely low fields 
around F - 10’ V/cm. It is linear for lower fields. 
Low-field mobility for tensile strained case is quite 
high, on the order of lo4 cm2/Vs, and this is due to a 
much smaller light-hole effective mass compared to 
the heavy-hole mass. 

This k-space transfer is best seen in the population 
in heavy-hole and light-hole bands as a function of 
the field shown in Fig. 8. In the tensile cases of 
AE < 0, a crossover of the heavy-hole population and 
the light-hole population is observed between 5 x lo2 
and 5 x IO3 V/cm. The light-hole band population is 

not necessarily larger than that of the lower heavy- 
hole band even in the nearly equilibrium situation, if 
an appropriately averaged state-density in the heavy- 
hole bands is of the same order as the Boltzman 
factor exp( - 1 AE (k, T) multiplied by an appropri- 
ately averaged state density of the light-hole bands, 
such as the case of AE = -0.1 eV. For clear NDR 
behavior in the velocity-field characteristics, it is 
required that most holes be in the upper light-hole 
band in thermal equilibrium, which is in our case 
AE < - 0.15 eV. This is in contrast to the unstrained 
or compressive cases, where the heavy-hole band 
population is always much larger than the light-hole 
band population. 

300K AE > 0: compressive 

sio.SGe0.5 AE < 0: tensile 

AE = -0.15 eV 

AE = -0.1 

10-2 i I 
_i.LLLllli! ( 11111 It,111 III_UIL 1-c d 

lo1 lo2 lo3 lo4 lo5 lo6 

Field (V/cm) 
Fig. 7. Energy-field characteristics under the condition of Fig. 6 
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h.h.AE=-O.l e 
.h. AE = -0.15 eV 

h. AE = -0.15 eV 

Field (V/cm) 
Fig. 8. Band population plot corresponding to Fig. 6. 

Figure 9 shows the impact ionization rate. The 
ionization rate increases for tensile strain, while it 
decreases for compressive strain, and this tendency is 
consistent with the result of Fig. 7, where the total 
average energy is a monotone decreasing function of 
AE for F > - lo4 V/cm. We note that this tendency 
is complementary to the characteristics of ionization 
rate of electrons in a strained Si layer, which increases 
with compressive strain[6]. 

In Fig. 10, we show the velocity-field characteristics 
for Si, _,Ge, of various concentrations (x = 0.25, 0.5 
and 0.75) with AE = + 0.1 eV. Figure 11 shows the 
energy-field characteristics corresponding to Fig. 10. 
The compressive and tensile strain effect is the same 

for different Ge ratio x. The effect of changing x is 
to increase the velocity over the entire range of the 
field, reflecting the superior hole transport properties 
in Ge to those in Si. The energy for F > - l@V/cm 
increases with x, while there is practically no differ- 
ence in energy for F c - lo4 V/cm. 

Figure 12 illustrates velocity overshoot in the 
transient response for Si,,, Ge,., with AE = 0.0, f 0.1 
and f 0.15 eV for a sudden application of 
F = 5 x lo4 V/cm. There is practically no velocity 
overshoot for the unstrained case or for the compres- 
sive cases of AE = 0, 0.1 and 0.15 ev. A significant 
overshoot is observed in the tensile case, where 
the peak velocity values are 2.3 x lO’cm/s 

AJZ=415eV 

3 4 5 6 

Inverse field ( lo6 cm/V) 

Fig. 9. Impact ionization rate corresponding to Fig. 6. 
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, I ,,\in, -rrmT---l 

I AE=-O.leV 

300 K 

t AE = 0.1 eV si,_px _I 
1o4 U-A-J 

lo1 lo2 lo3 lo4 lo5 lo6 

Field (V/cm) 
Fig. 10. Velocity-field characteristics for Si, m.xGe,v with AE = +O.l eV. 

for AE=-O.leV and 2.7 x lO’cm/s for 
AE = -0.15 eV. These values are four to five times 
higher than the steady-state velocity values. The 
overshoot duration period is about 0.3 ps, which is 
comparable to that of electrons in a strained Si layer 
at the same field[6]. In engineering applications, this 
velocity overshoot is significant and this provides 
enough motivation to develop a method to realize 
the tensile strain for confining holes in the channel 
region, which would lead to a high-performance 
p-channel field-effect transistor (FET) and enable the 
creation of complementary circuit based on Si, _ xGe, 
technology. 

5. CONCLUSIONS 

The transport properties of holes in Si, _IGe, are 
studied with a Monte Carlo technique. If the strain 
is applied to the Si,_,Ge, channel, it releases the 
degeneracy of the heavy-hole and light-hole bands: 
for compressive strain, the heavy-hole band lies 
higher than that of light-hole band, while for tensile 
strain, the order is reversed, although technologically 
it is uncertain how to realize the tensile case at this 
stage. While no one knows how to realize the tensile 
strain for SiGe hole channel, it has been shown that 
the tensile strain is realizable in strained Si hole 
channel[26]. The transport properties are essentially 

300 K 
Si, _pex x = 0.75 

0.5 
0.25 

L _L_uuLLLL__I.LLLLutL -u_LLd _illlilltl 1 1 IIll 

lo1 lo2 lo3 lo4 lo5 lo6 

Field (V/cm) 
Fig. II. Energy-field characteristics corresponding to Fig. 10. 
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I AE=-O.15 eV ,. :I& -0.1 eV 

300 K 

%.,%.5 

0.0 0.2 0.4 0.6 

Time (ps) 

0.8 1.0 

Fig. 12. Velocity overshoot of holes in S&,sGe,, for F = 5 x IO” V/cm. 

the same for the unstrained and compressive case, 
since most holes are in the heavy-hole band over the 
entire field of interest. The velocity is still higher than 
that of Si, reflecting the excellent hole transport 
properties in Ge. In the tensile case, we have observed 
a NDR region for 5 x 102-5 x lO’V/cm, due to the 
hole transfer from the light-hole band to the heavy- 
hole band. The velocity is larger than that of un- 
strained or compressive cases, especially in low fields. 
Because of the small effective mass in the light-hole 
band, the velocity overshoot is significant in the 
tensile strain case. These results provide enough 
motivation to exploit the idea to realize the tensile 
strain case technologically, which would lead to a 
high-performance p-channel FET. 
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