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In this paper, we discuss and compare the rates for dominant scattering mechanisms for holes
in semiconductors, including ionized impurity scattering, polar and nonpolar opticai-phonon
scattering, and inelastic acoustic deformation potential scattering. The scattering rates for
these mechanisms have been reviewed for the purpose of finding reliable expressions to be used
in Monte Carlo simulation of hole transport in p-type II-V semiconductor devices. In the
scarce literature on hole scatiering rates, we have found several discrepancies. Here, we present
corrected rates for ionized impurity scattering and for scatiering by polar optical phonons. In
addition, we have derived new ezpressions for the inelasiic acoustic deformation potential
scattering rates where we also have included a series expansion for the phonon occupation

number, beyond the equipartition approximation.

i. INTRODUCTION

The transport properties of holes in semiconductors are
of great interest from both physics and device points of view.
The valence bands are qualitatively very similar for nearly
all semiconductors of interest, including silicon, 111-V and
most I1-VI compounds. They include light- and heavy-hole
bands and a split-off band, as shown schematically in Fig. 1.
This means that the results obtained for the hole transport
can be applied to a great variety of different semiconducior
materials and devices—from silicon p-channel field-effect
transistors {(FETs) that are used in complementary metal-
oxide-semiconductor (CMOS) technolegy, to bipolar tran-
sistors, heterostructure bipolar transistors (HBTs), com-
pound semiconductor p-channel FETs, and optoelectronic
devices such as lasers, light emitting diodes, etc.

Many modern devices utilizing hole transport have very
small dimensions, in the submicrometer range, in order to
alieviate problems related to a relatively small hole mobility.
A full understanding of the hole transport in such structures
requires accurate Monte Carlo simulations. Such simula-
tions will also provide a starting point for devices utilizing
two- and one-dimensional hole gases as well as holes in senu-
conductor regions under stress, with split light- and heavy-
hole bands at the I' point.

The physics involved in the Monte Carlo calculations is
refiected in scattering rates for different scattering mecha-
nisms. In this paper, we calculate and compare rates for ion-
ized impurity scattering, polar and nonpolar optical-phonon
scattering, and acoustic deformation potential scattering of
holes. While the expression for nonpolar optical-phonon

' Present address: AT&T Bell Laboratories, Reading, PA 19612,
®) Present address: Department of Electrical Engineering, University of
Virginia, Charlottesville, VA 22901.
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scattering is correctly described in the literature,! we have
found that the previcusly published expressions for inter-
band ionized impurity scattering,' interband polar optical-
phonon scattering,”™ and the acoustic-phonon scattering
rates”™ have to be corrected.

All numerical calculations in this paper are done for
(GaAs even though the analytical results apply to holes in all
cubic semiconductors with exception of gapless semicon-
ductors such as grey tin. Thus the derived expressions can be
used for the Monte Carlo simulation of hole transport in all
such semiconductor materials and in devices made from
them. All the present scattering rates have been derived as-
suming parabolic bands, and the band warping is accounted
for by the use of approximate overlap functions.

In Sec. I, we present corrected results for ionized impu-
rity scattering. Rates for nonpolar optical-phonon scattering
and the corrected polar optical-phonon scattering rates are
presented in Sec. IIL In Sec. IV, new results are derived for
inelastic inter- and intravalley deformation potential scatter-
ing by acoustic phonons. Since the validity of the equiparti-
tion approximation for the phonon occupation number

S, Heavy hole band

/ Split off ornvd

/\

FIG. 1. Valence-band structure in common semiconductors.
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N, () hasbeen questioned,”” we have adopted here a more
general representation for N, (g) according to Canali et al’
It turns out that the final expressions for the acoustic scatter-
ing rates are much more complicated for holes than for elec-
trons. The results are discussed in Sec. V. Section VI con-
tains a summary and concloding remarks.

. IONIZED IMPURITY SCATTERING

The ionized impurity scattering rate for holes can be
readily obtained by considering impurity centers with a
screened Coulomb potential.’ Here we present corrected re-
sults in terms of the following compact expression:

3e*N,m F
Nk 2k,

im ___

iF = (1)
where e is the electron charge. &, is the density of ionized
scatterers, €, is the vacuum dielectric constant, and € is the
static relative dielectric permittivity of the semiconductor.
The magnitudes of the initial-state wave vector k; and the
final-state wave vector k are related through the condition
of energy comservation, which for elastic scattering simply
becomes k 7 = Mk ;, where M = m,/m, is the ratio between
the final- and initial-state effective hole masses. A distinction

between intra- and interband scattering is made through the

factor Fiin Eq. {1):
(5)

4 384 126%K % + 8k*
3 BB+ 4KT

ﬁz
B2+ 4k?

/32+2k2 1

intra ___
£ = 3

(2a)

B2+ ki+k;
k.k,

Finter —

2 2
n(ﬁ + (ki + k) )_49 (2)
B+ (k, — k)
where B = (N,e?/k,Tees)"'? is the inverse screening
length, &, is the Boltzmann constant and T is the absolute
temperature. Note that k = k; = k, for intraband scatter-
ing.

The impurity scattering rates given here can also be pre-
sented in a form displaying the effect of the overiap functions
(see Sec. IV A) in a more explicit and symmetric manner.
This was done in Ref. 1, but with nontrivial errors in the
expression given for the interband rate.

The ionized impurity scattering rates for holes in GaAs
are shown for different temperatures and impurity densities
in Fig. 2. The parameters used are listed in Table 1.
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FIG. 2. Ionized impurity scattering rates for holes in GaAs for different temperatures and impurity densities.
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TABLE L List of parameters for GaAs.

m, = 0.45m, (heavy-hole mass, 1 free-electron mass)*
m, = 0.082m, (light-hole mass)”
€, = 12.9*
e, =1092°
i, = 0.035 eV*
p=5360kg/m**
Velocity of sound:
s, = 4730 m/s*
s, = 3340 m/s*
5= (/3 + 257/3)
$ = 3860 /s
Elastic constants:
C,, == 11.88 X 10" N/m*®
C, = 53816 N/m?®
C44 — 594X Iol() N‘/mlh
C = (3C,, 4+ 2C,, + 4C,)/5°
C, = (Cy — Cpp 4+ 3C)/5°
Deformation potential constants:

o=3.1eV®
b= — 17eV?
d= —44eV®

E, = (3/5)Eq = (5/5,)[& + (C/C (B> +d7 /2y ]2
E =586eV
Onptical-phonon coupling constant:

(DK)? = 4{aw,/5, ) B}
(DK)? = 1.58X 1072 eV¥/m?

“ M. Neuberger, Handbook of Electronics Materials (Plenum, New York,
1971), Vol. 2.

b3, D. Wiley, Solid State Commun. §, 1865 (1970).

¢ The theoretical value E,(=E, ) = 3.6 eV given in footnote b is incorrect
by a factor vZ owing to an error in Eq. (3} of that reference. When this
error is corrected, the correspondence between theoretical and experimen-
tal values for E, is substantially improved.

91t should be emphasized that £, and ( DK)* were determined experimen-
tally at a time when the role of optical-phonon scattering in hole transport
was still controversial; see footnote b. The factor 4 in the expression for
(DK’ is based on experiments and hence is subject to uncertainty (foot-
note b}.

¢ Reference 3.

'E. M. Conwell, High Field Transport in Semiconductors { Academic, New
York, 1367).

jil. OPTICAL-PHONON SCATTERING
A. Polar optical-phonon scattering

The scattering rate for holes by polar optical phonons
was first calculated in Ref. 2. Unfortunately, the rates pub-
lished for interband scattering have errors. These errors
have propagated into Refs. 3 and 4, where also the rate for
nonpolar optical scattering and for polar optical intraband
scattering have become too large by a factor of 2. The correct
result for inter- and intraband polar optical-phonon scatter-
ing can be expressed as

pe = S0 (E-5 (o J¥EL
€, es) N+ 11 &,
where N, is the optical-phonon occupation number, and the
factors N, and N, + 1 refer to absorption and emission of an
optical phonon, respectively. Note that emission is only pos-
sible for initial hole energics larger than the optical-phonon
energy #fiw,. For these inelastic processes, the condition of
energy conservation now leads to the relationship

7375 J. Appl. Phys., Vol. 87, No. 12, 18 June 1980

k7= M(k}+ 2mmy/#) between the initial- and final-state
wave vectors, where the upper and lower signs refer to ab-
sorption and emnission, respectively. €_ is the high-frequen-
cy relative dielectric permittivity of the semiconductor. Fur-
thermore, ¥ = In|(k; + k,)/(k; — k;}| and the H factors
for intra- and interband scattering are ‘

H intra —_—

[1+30(D ¥ "y1/4, (4a)

Himer__;3[1m(p((1)-——‘y—l)j/4y (4b)

where ® = (k?+ k})/2kk;. The polar optical-phonon
scattering rates in GaAs versus initial hole energy are shown
in Fig. 3 for different temperatures. The parameters used are
listed in Table 1.

8. Nonpolar optical-phonon scattering

The following scattering rate for holes by the nonpolar
optical-phonon mechanism was derived by Costato and
Reggiani':

(DK) Zm}/Z

PP T T
Winpt w,

g iz (e }
(E 4 fiwg) {N0+1 ; (5)
where (DK)? is the optical-phonon coupling constant, p is
the density of the semiconductor material, and E is the initial
hole energy. The upper and lower sign in the square root
correspond to absorption and emission of an optical phonon,
respectively. Also, the factors Ny and N, + 1 refer to absorp-
tion and emission of an optical phonon, respectively.

The nonpolar optical-phonon scattering rates in GaAs
versus initial hole energy are shown in Fig. 4 for different
temperatures. The parameters used are listed in Table L.

Y. INELASTIC ACOUSTIC DEFORMATION POTENTIAL
SCATTERING

As discussed by Canali e al.,” special care must be taken
in treating charge carrier scattering by acoustic phonons in
Monte Carlo calculations. Although the energy exchange
between charge carriers and the lattice is small for a single
scatiering event, this exchange is necessary for obtaining
correct stationary conditions at low electric fields and low
temperatures. By treating the acoustic phonon scattering as
elastic processes, an artificial warming of the carrier gas will
take place in the electric field until the temperature of the
carrier gas has risen sufficiently to induce other inelastic pro-
cesses. In order to obtain the correct carrier energy balance,
it is alsc necessary to calculate the energy exchange in each
scattering event with good precision.

To ensure a reasonably accurate treatment of hole scat-
tering by acoustic phonons, we include in the present calcu-
lations (a) inelasticity, {(b) spontanecus emission, and (c)
the following truncated series expansion for the phonon oc-
cupation number according to Canali e al.*:

Vx—1/2 +x/12 — x*/720, x<3.5
N — { . s
() =g x>35 &

Here, x = #isg/k, T, s is the velocity of sound, and ¢ is the
magnitude of the acoustic-phonon wave vector. The first

Brudevall ef a/. 7375
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FIG. 3. Polar optical-phonon scattering rates for holes in GaAs for different temperatures.

term in V,, (g) corresponds to the equipartition approxima-
tion. In Fig. 5, Eq. (6) is compared with the exact expression
for the phonon occupation number
N, (@) = [exp(x) — 117" and with the equipartition ap-
proximation. The relative importance of the different terms
in Eg. (6) will be investigated later on in this report.

The electron acoustic deformation potential scattering

rate in accordance with the above procedure was first calcu-
lated by Canati et al.® Later, this result was applied to holes
in Refs. 3 and 4, but the overlap functions associated with
warping in the valence bands were not properly taken into
account. In addition, the interband scattering rate in Ref, 4
was set equal to the intraband rate of the final band. Al-
though this equality is true in the usual elastic and equiparti-

1013 1013
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FIG. 4. Nonpolar optical-phonon scattering rates for holes in GaAs for different temperatures.

7376 J. Appl. Phys., Vol. 67, No. 12, 15 June 1990

Brudevoli of a/ 7376



81

= Exact
@ Kquipartition
2 - { ©  Series expansion

3

FIG. 5. The phonon occupation number. A comparison between the trun-
cated series expansion, the equipartifion approximation, and the exact
expression.

tion approximations,® it does not strictly apply in the inelas-
tic case. Accordingly, the integration limits used for x in Ref.
4 should be generalized 10 account properly for inelastic in-
terband processes. Here, we follow the approach of Canali ez
al. and recalculate the hole acoustic scattering rates.

A. General expression for hole inelastic acoustic
scattering rates

The hole acoustic deformation potential scattering rate
P37 can be expressed as

Elk,T #k? #wk?
P¥ = dk, x8 - E,
v 2p(2ﬁ)2ﬁ92f ke ( m;+ x)
Nph(q) } \
{
Xakf’kiiQ{Nph(q)_{_l G(gk/ «7)

where E, is the acoustic deformation potential constant, and
k; and k, are the initial- and final-state hole wave vectors,
respectively. B, = — &, T for absorptionand £, = &, T for
emission of an acoustic phonon. Also, the factors N, (g)
and N, (g) + 1 refer to absorption and emission of an
acoustic phonon, respectively. G(8,) is the overlap func-
tion, which for inter- and intraband processes can be written

as’

G ™ = 3sin’ (8, )/4, {8a)

G = {1+ 3cos’(8,)]/4, (8b}
where &, is the angle between k; and k..

The conditicin N, (g) = Oforx> 3.5 in Eq. (6) ismost
easily incorporated by performing the integration in Eq. (7)
over g, or equivalently, over x and the polar angle 7 between
gand the final-state wave vector k,. The scattering probabili-
ty is assumed to be independent of the azimuthal angle @.
The relationship between the various variables is indicated
int Fig. 6. The integration over #is easily performed by means

7377 J. Appl. Phys., Vol. 67, No. 12, 15 Jung 1880
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FIG. 6. Relationship between the various wave vectors involved in hole
scattering by the emission of an acoustical phonon.

of the & function expressing energy conservation. Conserva-
tion of energy and momentum leads to the following rela-
tionship between x and &:

Fx)= — (M — 1Yfisk,/2xE, + E,x/2fisk, + ms/tik,
= cos(§). (N

The lower limit (x,) and the upper limit (x,) of x are ob-
tained from Eg. (%) using the condition |cos & [< 1.

B. integration limits for emission

For emission, the limits of the integration variable x can
be written as

2E)*

X = %, T {-C. £iC% +EM~

D}, (102)

zEl/”

T {-C_ +[CL +EM—-1)]'?},
B

(10b)

X2

where Eg=ims’ E is initial hole energy and
C, =ME*+ E'2 The upper and lower signs in Eq.
(10a) correspond to M > | and M <1, respectively.

When <1, there is 2 threshold in £ that must be ex-
ceeded in order for emission to be possible. By demanding
that the argument of the square root in Eq. (10b) be positive
and that x, and x, be positive, we find that

E>MZE /{1 — (1 —MV?12, (i1}

For transitions from the heavy- to the light-hole band in
GaAs, Eq. (11) requires that E>3.6E.. With M = 1,1e, for
intraband processes, Eg. {11) reduces to the more familiar
condition E»E,.* At room temperature, k, T is two orders
of magnitude larger than E,. Accordingly, this threshold is
of practical importance only at low temperatures, typically
below 10 K. When M > 1, there is, of course, no threshold. In
this case, z final state in the heavy-hole band can always be
found such that both energy and momentum are conserved.
The limits of integration for emission are illusirated in Fig. 7,
whick shows the function f(x) of Eq. (9) for emission
(E, = k,T) for two values of initial hole energy.

C. integration limits for absorption
For absorption, the lower and upper limits of x become

ZEUZ
x1=ﬁ{c’ +[C% + B(M~ 1)1V}, (12a)
B
Brudevoll ef a/. 7377
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E1/2

1 /21 ,
T P

(12b)

{C, +[C? +EM—

x2==

where again the upper and lower signs in Eq. (12a) corre-
spond to M > 1 and M<1, respectively.

When M<1and E<MZE /{1 + (1 — M)'?]?, the re-
gion between x, and x, given by Egs. (12a) and (i2b) is
interrupted by a “forbidden” zone between

2E1/2
x) = {c [C +EWM—1)]'7}, (13a)
and
ZEI/Z
xp =——{C_ +[C%L +EM—1)]"}. (13b)
ke T

Fortunately, the latter region can be ignored in most cases,
even at temperatures below 10 K. The limits of integration
for absorption areiltustrated in Fig. 8, which shows the func-
tion f(x) of Eq. (9) for absorption (&, = — kT for two
values of initial bole energy.

of initial hole energy. 7= 300 K.

D. Resulting expressions for acoustic scattering rate

By performing the integration in Eq. (7), using the
overlap functions in Egs. (8a) and (8b) and the Hmits of
integration defined in Egs. (102) and (10b), or Egs. (12a)
and (12b), the following expression can be derived for the
acoustic deformation potential scattering rate in terms of
initial hole energy:

E3 (k, TV’m"

ac E-VB(E) + L(E)], (14)
S iR E £B( (Ey], «
where
B(E) = Z Pon(BYBy(x)|
6 | X=X,
+ 3 PYN(E)YBy(x) {15)
N=2 A==
and
1t ¥ /E N“”x
B;\/ = - = . 16
(x) E Z <E,/ - (16)

0.0 207y
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05 154 %
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FIG. 8. The limits for the integration variable x in the casz of interband hole scattering by the absorption of an acoustic phonon, determined from the

conditions of energy and momentum conservation. The limits are shown for
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The functions Pyy, (E) and P, (E) of Eq. (15) arelisted in
Table Il for intraband scattering and in Table III for inter-
band scattering. Note that the second sum in Eq. (15) is
associated with spontanecus emission and should according-
ty be omitted for absorption, i.e., PS, (E) = O for absorp-
tion. The upper and lower limits x;, and x, in the first sum in
Eq. (15) (stimulated emission and absorption} reflect the
fact that if x exceeds 3.5, N, (¢) is set equal to zevo {see Eq.
(63]. Thus x5, =35 x,, >35 and xy, =x,, if x,,;
< 3.5. For spontanecus emission, N(g) does not enter, and
x, and x, are always retained as limits.
The function L{£) in Eg. (14) can be written as

E—Exy, , E—E,
L(E) =P, (Enn(————x-‘-) + P (E)n (__*—’.‘_2) :
— E.x; E—Ex
(17

As before, the superscript O in the prefactor of the second
term indicates a contribution from spontanecus emission, to
be omitted in case of absorption. The function £, (£} and
PY (E) are listed in Table IV.

The inelastic inter- and intraband acoustic deformation
potential scattering rates for emission and absorption are
shkown in Fig. 9 for different temperatures. The parameters
used are listed in Table L

Y. DISCUSSIOHN

In the preceding sections we have presented the rates for
the dominant scattering mechanism for holes in semicon-
ductors. In particular, new resuits have been obtained for
inelastic hole deformation potential scattering by acoustic
phonons. The acoustic-phonon scattering resuits are there-
fore discussed separately in some detail in Sec. V A,
whereafter 2 comparison of the different scattering mecha-
nisms is presented in Sec. V B.

A. Acoustic-phonon scattering

Intuitively, one should expect the higher-order terms in
the expansion of N, (¢) in Eq. {6) to be important primas-
ity for high-energy holes at low temperatures, where the
equipartition approximation [N, (¢} =1/x} is most likely

to fail. Here, we have kept track of the contribution from
each term in NV, (g) in order to see what effect the higher-
order terms may have on the scaitering rates under different
circumstances.

The calculations show that, even at room temperature,
the higher-order terms in N, (g) represent a non-negligible
contribution to the scattering rates. Thus, for heavy-hole
intraband scattering with absorption of acoustic phonons in
Gads, these terms cause a reduction of about 4% in the rate
at a hole energy of &£, 7, compared to the equipartition ap-
proximation. This figure increases steadily to 20% at 1 eV,
For light holes, the difference was somewhat less owing to
the smaller wave vectors involved for a given energy.

According to theory, the absorption rate exceeds the
emission rate up to hole energies of about 2k, T for a simple
parabolic band.? For energies above 2k, 7, the emission rate
becomes the larger of the two. The different behavior for the
two rates can be attributed to spontanecus emission and to
inelastic effects. As a typical example, we consider the tran-
sition from the light- to heavy-hole band in GaAs at 300 K.
At a hole energy of &k, T, the absorption rate exceeds the
emission rate by about 9% when spontaneous emission is not
included. This difference is, accordingly, caused by inelastic
effects. Inclusion of spontanecus emission reduces the differ-
ence to 3%. At an energy of 4k, 7', the stimulated emission
rate is about 5% below the absorption rate, but inclusion of
spontanecus emission now raises the total emission rate to
9% above the absorption rate. Thus, at energies above a few
times &k, 7, spontanecus emission is the dominant contribu-
tor to the difference in the absorption and emission rates.
The higher scattering rate for emission should give rise to a
cooling effect for the most energetic holes.>™”

From fig. 9, we also notice that the difference in the
absorption and emission scattering rates is more pronocunced
for heavy holes than for light holes. The reason is that for a
given energy, larger k vectors and, accordingly, larger values
of x are invelved in heavy-hole compared to light-hole scat-
tering. Thus NV, () is reduced, increasing the relative im-
portance of spontanecus emission. The result is an enhanced
separation of the emission and absorption curves for heavy
holes.

For hole energies above %iwg, emission of optical phon-

TABLEIL P, for intreband processes is in this table divided into 2 sum of four terms, i.e., Pay (E) = % _ | PY(E), each originating in the corresponding
term of the series expansion of N{¢). The term index 7 = 1-4 is counted from left to right in BEq. (6), with I = 1 corresponding to equipartition. Here, each

P (E) is shown explicitly. X(E) =1/E, — 1/E. For spoataneous emission: P, = — 2P ).

\ I 1 2 3 4

A/'
1 4FE
2 —4E, —2E
3 —3EX(E)/4 2E, £/73
4 IEYSEE 3EIX(E)/R —E/3
5 3EY/64EE _3EY16EE — EXX(E)/16 — E/180
6 —3E‘/128E,E EYREE E,/180
7 E/256E2E E1X(E)/960
8 — E3/1920E.E
8

— E%/15 360E2E
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TABLE L Py, ( E) for interband processesis in this table divided into a sum of four terms, i.e., Pyy (E) = 2}, P (E), each originating in the correspond-
ing term of the series expansion of N(g). The term index / = 1-4is counted from left to right in Eq. (6), with 7 = 1 corresponding to equipartition. Here, each
PR (E) is shown explicitly. Y(&)= (3£ + 1)/2E, — M*/E. For spontaneous emission: P4y = — 2P 3.

\\ ¥ 1 2 3 4

N

1 —3(1 — M)E/4

2 — 3M(1 —~MYE./2 3(1 - M)E/8

3 IE?Y(E) /4 3M(1 —~ MYE /4 — (1~ M2E /16

4 — 3ME}/SE.E —3E2Y(E)/$ — M(1 — MYE,/8

5 — 3E*/64EE 3ME/\6E.E E?Y(E)/16 (1 — M)?E /960
6 3EY/128EE — ME/32E,E M1 — M)E, /480
7 — E%/356E%E — E2Y(E)/960
8 ME/1920E.E
g E%/15 360828

ons becomes an alternative important loss mechanism since
the optical emission rate rapidly exceeds the absorption rate.
The acoustic-phonon scattering represents the sole loss
mechanism for holes in the energy interval from about 2k, T
t0 fiwy~0.035 eV (GaAs). For such an interval to exist, T
must be less than 200 K, and the effect should be noticeable
for intermediate field strengths® and long Monte Carlo simu-
lation times. At higher field strengths, the holes are more
rapidly heated up to energies in the range of fiw,, where emis-
sion of optical phonons dominate the energy dissipation.

Eventually, for hole energies greater than (.2 eV
(GaAs, heavy-hole intraband scattering), the energy ex-
changed in acoustic scattering events approaches a value of
about 10 meV,

Due to the complexity of the hole acoustic scattering
rates, complications arise when trying tc calculate final-state
k vectors in Monte Carlo simulations. Canali ef al> pro-
posed a procedure whereby a random number first is used to
calculate x {or g} from the distribution function of x by
means of the rejection technique. Then, the final state is de-
termined by a geometrical construction which incorporates
energy and momentum conservation. A disadvantage of this
method is that the limit x, and x, vary with energy, whereas
6, almost always retains the limits 0 and 7. Tang’ and Bren-

TABLEIV. P, { E) is for convenience written as & product of two terms, i.e.,
P {(E)y=Q(EXP, {(E). P, (E) is divided into a sum of four terms, ie.,
P, (E) = 33_,P{" (E),each originating in the corresponding term of the
series expansion of N(g). The term index = 1-4 is counted from left to
rightin Eq. (6}, with ] = 1 corresponding to equipartition. For spontaneous
emission: P = — 2P'?. Here, each £/} (E) is shown explicitly for intra-
band processes. For interband processes, the only difference is a change in
Sign of all P:Ll; (E) such that PL,intcr = = PL,imm and P?‘,inter = - P?..:nem .
O(E) = —3E*(1 — E/2E, + E*/16E?)/4E%

I 1 2 3 4

PIE) 1 ~E/2E,  EY12E? — E%/T0E}
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nan’ instead proposed a simplified technique based on the
average of the energy exchanged in acoustic scattering pro-
cesses. For T'> 10 K, it is possible to calculate a preliminary
k&, , omitting inelasticity, from which approximate values for
x (or g) can be found. Finally, a correction to k, , stemming
from the small energy exchanged (#isg), is made. For T < 10
K, the energy exchanged in a single event becomes compara-
bleto k, T for the most energetic carriers, and the approach
by Canali et al. must be foliowed.

If the hole distribution becomes strongly shifted in the
direction € of the electric field, this direction will act as a
reference for the polar angle &, in the overlap functions
G(6,) (seeSec. IV A). Then, scattering into certain angles
relative to & will be favored, which makes the overlap func-
tions important in determining k, for individual events and,
accordingly, in determining the shape of the hole distribu-
tion function. On the other hand, for a near-equilibrium
Maxwellian distribution, the role of the overlap functions
can be ignored in determining k.

It is apparent from the results in Sec. IV D that the in-
clusion of both warping (through the overlap functions) and
inelasticity makes the expressions for the scattering of holes
by acoustic phonons very complex. The effect of warping
alone would result simply in a multiplicative factor close to ]
in the rates."” Qur numerical calculations show that this
continies to be true even when the series expansion for
N, (g) and inelastic effects are incorporated. It should be
noted that a factor of exacily | would result from averaging
the overlap functions alone over all spatial angles (apparent-
ly, it is this factor which erroneously has becomeequalto f in
the acoustic hole scattering rates of Ref. 4). In determining
k, , however, it may still be important to include the overlap
functions properly in the calcuiations in order to arrive at a
correct distribution function in Monte Carlo simulations, as
discussed above. In polar optical scattering, the proper in-
clusion of the overlap functions turns out to be crucial for
avoiding a divergence in the scattering rate.”

The polynomials B, (x) that appear in the rates {see
Sec. IV D) are nothing more than series expansions of
In(1 + E,x/E), truncated after the N th term and multiplied
by — (E,/E}Y/E,. Accordingly, there is a close similarity
between the term B(X)} and the logarithmic term L{F) in
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FIG. 9. Acoustic deformation potential scatiering rates for holes in GaAs for different temperatures.

Eq. (14}. This becomes apparent when calculating leading
terms in E for the scattering rate, where a number of terms in
the expansions of B(E) and L(E} cancel.

B. Comparison of hole scattering rates

All the various scattering mechanisms considered here
contribute significartly to the overall transport properties of
holes in cubic semiconductors, but not necessarily in propor-
tion to their total scattering rates. Gbviously, the amount of
energy and momentom exchanged i individual events is
very important. But even with little energy exchange and a
refatively low scattering rate, a mechanism such as acoustic-
phonon deformation potential scaitering may still be an im-
portant channel for energy relaxation in a certain range of
hole energies, as discussed previously. In the same range,

other scattering rates, such as jonized impurity scattering, -

may be much larger. But ionized impurity scattering is elas-
tic and therefore does not contribute to energy relaxation.
Neither does it contribute much to momentum relaxation
since small-angle scattering events dominate, particularly at
higher energies.

A screened Coulomb potential according to Brooks and
Herring® was used for calculating the ionized impurity scat-
tering rate. This type of potential gives rise to a fotal intra-
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band scattering rate that does not change much with impuri-
ty concentration, an artifact which is caused by a
compensating tendency in the screening length. Thus a re-
duction in the impurity concentration gives rise to an in-
creased screening length, but the fraction of low-angle scat-
tering events increases such as to reduce the overall effect of
impurity scattering on the hole transport.

At hole energies above the optical-phoncn energy, the
most important scattering mechanisms in pure GaAs appear
to be the polar and nonpolar optical-phonon emission, with
the former dominating over & wide range of energies. But,
while the scattering rates for polar optical processes decrease
with increasing hole energy, the rates for nonpolar emission
increase steadily and become dominant in the high-energy
end of the range investigated (£ <0.5eV).

For hole energies below the optical-phonon energy, po-
lar optical-phonon absorption is particularly important at
room temperature. From the optical-phonon absorption
rates, a rough estimate of the hole mobility in pure GaAs
gives a value of about g, ~ 500 cm?/(V s), which is in rea-
sonable agreement with observations. At low energies, how-
ever, ionized impurity scattering is important in doped mate-
rials and will cause a further reduction in the mobility. The
effect of acoustic phonon scattering has been discussed at
length in Sec. V A. Here, we note that the acoustic scattering
rates indeed are important at low temperatures {77 K and
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lower) and at energies below the optical-phonon energy at
all temperatures.

Our calculations show that interband scattering is
dominant for light holes, but under normal conditions, the
overall transport properties for holes are determined by
heavy holes. However, the light- and heavy-hole band de-
generacy at the center of the Brillonin zone may be lifted
under stress, such that the light-hole band becomes the top
valence band.® This effect is important for p-channel pseudo-
morphic InGaAs/GaAs heterostructure field-effect transis-
tors (HFETs) ! where it may enhance the low-field mo-
bility. The obtained dependencies of scattering rates on
energy clearly show that the hole velocity in high electric
field should be enhanced by the band splitting under stress as
well, because the interband scattering rates at high hole ener-
gy will be significantly dimished. (A typical band splitting in
AlGaAs/InGaAs/Gahs pseudomorphic HFETs is estimat-
ed to be about 50 meV. ') This may have important implica-
tions for hole transport in short p-channel pseudomorphic
HFETs because of a possibility of significant overshoot ef-
fects or even ballistic transport, especially for devices with
variable threshold voltage where the electric field distribu-
tion in the channel is relatively uniform.

Vi. SUMMARY

A number of modern semiconductor devices rely on
hole transport. Consequently, dependable descriptions of
hole transport properties in semiconductors are of great in-
terest. On the microscopic scale, the physics involved in hole
transport is reflected in the rates for the variouns scattering
mechanisms. Unfortunately, previously published hole scat-
tering rates are afflicted by numerous errors and misprints.
We have therefore reviewed the rates for the dominant scat-
tering mechanisms for holes in semiconductors, including
ionized impurity scattering, polar and nonpelar optical scat-
tering, and inelastic acoustic deformation potential scatter-
ing. In this paper, new and corrected results are presented,
and the various rates are discussed and compared.

At hole energies above the optical-phonon energy, the
most important scattering mechanisms in pure GaAs appear
to be polar and nonpolar optical-phonon emission, with the
former dominating over a wide range of energies. For hole
energies below the optical-phonon energy, polar optical-
phonon absorption is particularly important at room tem-
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perature. Acoustic deformation potential scattering and ion-
ized impurity scattering (in doped materials) are also of
significance, especially at low temperatures and in the low-
energy range.

Some implications of the present results for Monte
Carlo simulation of hole transport in semiconductors and
semiconductor devices have also been discussed, including
the importance of inelastic acoustic deformation potential
scattering as a channel for energy relaxation at low fields.
The problem associated with the calculation of the final-
state wave vectors for this mechanism in Monte Carlo calcu-
lations kas also been considered.

The effects of lifting the valence-band degeneracy at the
Brillouin zone center is of considerable interest from a device
point of view. Thus, in p-channel pseudomorphic HFETS,
the associated band splitting may greatly enhance the hole
transport efficiency by increasing the proportion of light
holes over heavy holes while, at the same time, decreasing
the interband scattering rate. Work is currently underway to
further investigate such phenomena and to calculate the re-
lated two-dimensional hole scattering rates.
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