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We review the circumstances under which polar mode scattering is important in the III-V
compounds and conclude that it is the dominant intrinsic scattering mechanism only in the n-
type direct-gap materials. For n-type indirect-gap materials, the most important scattering
mechanisms are acoustic and nonpolar optical (NPO) mode intra- and intervalley scattering.
For p-type III-V materials, we find that the dominant hole-scattering mechanism is a combi-~

nation of acoustic and NPO mode scattering.

This is in disagreement with previous treat-

ments of hole mobility which emphasized polar mode scattering.. It should be noted, however,
that the usual expression for polar mobility was derived for nondegenerate s-like bands and

is therefore not applicable to the complex p-like valence bands of the III-V compounds. Using
acoustic - (Epc) and NPO mode (Eypo) deformation potentials which are essentially the same
as those obtained for p-Ge and p-Si [3< Exc <8 eV and (Expo/Eac)? ~ 4], we obtain excellent
fits for the magnitude and temperature dependence of published Hall-mobility data for p-type
GaP, GaAs, InP, and AlSb. A simple expression is given which shows that the variation in
Hall mobility for p-type group-IV and group-III-V materials is attributable to small varia-
tions in material parameters rather than different scattering mechanisms.

1. INTRODUCTION

For purposes of discussing scattering mechan-
isms in III-V compounds, it is convenient to dis-
tinguish three classes of materials: (i) n-type
direct gap, (ii) n-type indirect gap, and (iii) p
type. Of these, the high-mobility n-type direct-
gap materials (e.g., GaAs and InSb) have re-
ceived by far the greatest amount of attention. In
the direct-gap semiconductors, the s-like sym-
metry of the low-effective-mass I' conduction-
band minimum is responsible for the high mobil-
ities principally because the s-like wave functions
do not couple to nonpolar optical (NPO) modes. *
Under these circumstances, the mobility is an ad-
mixture of acoustic and polar optical mode scat-
tering. Because of the low effective mass, polar
modes provide the dominant contribution.!™* In
n-type indirect-gap and p-type materials, one
is no longer justified in assuming, as is often
done, % 6 that polar modes continue to dominate.
Recent work on electron transport’ and free-
carrier absorption® in #-GaP has emphasized the
importance of acoustic and NPO mode intra-
and intervalley scattering. Polar mode scatter-
ing appears to play a very minor role in this ma-
terial. In the case of p-type materials, it is well
known that the agreement between the magnitude
of the calculated polar mobilities and experimen-
tal room-temperature data is fairly good. *~®
Nevertheless, we believe, based on the following
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experimental and theoretical observations, that
this agreement is fortuitous:

(a) The expression used to calculate the polar
mobility, #*° was derived for a simple nondegen-
erate s-like band and is not applicable!® to de-
generate p-like valence bands. Any calculation of
scattering in the valence bands of III-V compounds
must take account of the multiple-sheeted energy
surfaces and the consequent possibility of inter-
band scattering.

(b) The temperature dependence of the calcula-
ted polar mobility is in very poor agreement with
the data for p-type materials. In fact, the most
striking feature of these data is that they follow a
power-law temperature dependence (7 ~? with
B=2.3-2.4) which can be explained by combining
acoustic and NPO mode scattering in precisely
the same way as for Ge and Si.

(c) Recent free-carrier absorption measure-
ments in p-GaP ! at 300 °K indicate that the hole
scattering is dominated by acoustic and NPO mode
mode scattering and that polar mode scattering is
much weaker.

In Sec. II, we will discuss hole scattering in
p-type III-V compounds and present an expression
for the Hall mobility which is in excellent agree-
ment with published data for GaP, 12 GaAs, !* InP, 4
and AlSb.¥® Electron scattering in direct-1"8 and
indirect- #™® gap u-type II-V compounds has been
adequately discussed in the literature and will be
summarized in Sec. III.
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II. SCATTERING OF HOLES
A. Theory

The valence bands of III-V semiconductors are,
aside from small effects caused by the lack of in-
version symmetry of the zinc-blende lattice, quite
similar to those of the group-IV semiconductors.
They consist of three atomic p-like bands, of
which two are degenerate at £ =0 as shown in Fig.
1. The third band is split off from the other two
by the spin-orbit interaction and for most low-
field transport work can be ignored, though it can
be important in both high-field transport and op-
tical (free-carrier) absorption. In order to treat
the two-band transport problem correctly, one
must, in principle, solve a set of coupled Boltz-
mann equations, taking into account intra- and
interband scattering together with the detailed
shapes of the energy surfaces. This has been
done for acoustic, 71 NPO mode, '*!"'® and ion-
ized impurity'® scattering and the results have
been successfully applied to the valence bands of
Ge. Unfortunately, the methods used®~*® in solv-
ing the coupled Boltzmann equations involve the
relaxation-time approximation and hence are not
applicable to polar mode scattering.?® There
have, to date, been no proper calculations of the
effects of polar mode scattering on transport in
the valence bands of III-V compounds.*® It is
clear, however, that whatever polar mode scat-
tering there is will be in addition to the acoustic
and NPO mode scattering. Furthermore, there
is a remarkable similarity between the temper-
ature dependence of the Hall mobility for p-type
III-V semiconductors and for p-Ge (Ref. 21) and
p-Si (Ref. 22). All have lattice mobilities of the
form pe T7# with B~ 2.3. This suggests that the
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FIG. 1. Schematic representation of the valence
bands in III-V compounds ignoring the small terms linear
in .
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- polar mode contribution is negligible. We now

investigate the contribution is negligible. We now
investigate the extent to which the Hall-mobility
data for p-type III-V and group-IV materials can
be explained in a unified way by invoking acoustic
and NPO mode scattering alone.

The detailed theories!®™!° of scattering in de-
generate valence bands of the form shown in Fig.
1 are difficult to apply. In interpreting their Hall
data for p-Ge, Brown and Bray?! used a some-
what simpler approach?® which, in the lattice scat-
tering regime, may be described as follows. It
is assumed that both heavy (m¥) and light (m¥)
holes have the same average lattice relaxation
time characterized phenomenologically by (7).
This assumption is based on a simple density-of-
states argument which suggests that for both heavy
holes and light holes the scattering rate into the
heavy-hole band will dominate.?* Thus, (7) is
calculated using the effective mass m§. In this
approximation, we have for the heavy- and light-
hole drift mobilities

Uy =e{Ty/m¥,
(1)

by =e{T)/m¥ = (m¥% /m¥)uy .
The total lattice mobility is then given by
1= (prky+baka)/ (p1+02), (2)

where p, and p, are the average densities of holes
in valence bands v, and v, (see Fig. 1). Assuming
simple parabolic bands, p, and p, are related by

pi/Ds = (m¥/m%)¥2, (3)

v+ Y2
which gives U =(m§m) [TI (4)
where r=m¥%/m%>1. (5)

The multiplicative # factor in Eq. (4) is plotted in
Fig. 2 and is seen to be a relatively weak function
of 7, taking values between 1. 20 and 1. 33 for the
physically reasonable range 2 <7 <20.

To calculate p,, we average the energy-depen-
dent relaxation time 7 over a Boltzmann distribu-
tion of carrier energies in the usual way:

() =(PT) [(v?) , (8)

where v is the velocity (v? =28/m¥) and & is the
hole energy. The relaxation time is taken to be

1/7=1/Tac+1/Tpo, (7)

where T,q and Typo are the relaxation times for
acoustic and NPO mode scattering, respectively.
Conwell?® has shown that 1/7ypo is given by

1/Txpo=(1/Tac Nel(t+ o/xT)V?
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FIG. 2. Plot of the » factor which appears in Eq. (4).
The maximum occurs at =4 and has a value of $. Values
of 'r=mf/m’2k for Si, Ge, and the III-V compounds are in
the range 3<7r<8.

+ ee/T(l - e/xT)IIZ]}, (8)
in which x = 8/kT,
C=3n(O/T)e¥T-1)",

N = (Expo/Eac)?, (©)
L _ J‘z'(mf)3/2(kT)3/2x1/2 2
and Tae e 4p172 E%¢c.

In these equations, © is the characteristic temper-
ature of the zone-center optical phonons, ¢ E,
and Eypo are, respectively, deformation poten-
tials for acoustic and NPO modes, 2 p is the den-
sity, and % is an average sound velocity. Substi-
tuting Eq. (7) into Eq. (6) gives

~ 4 © xs/ze-x
(m)= 3¢7f0 Taot1/Trpg & (10)

Combining Egs. (1) and (4) with Egs. (8)-(10), we
derive the following expression for the total lattice
mobility:

3/2
Y+v
K =<Tﬁm_> S(6,M, T)iac - (11)

Here pu,c is the acoustic mobility given by the
familiar equation

23/aﬂ1/zeh— 4PH 2

Hac= 3(m"{)5/2(kT)3/2E§c s (12)
and S is given by
(" xe *dx
S—j; 1+Cl(1+6/xD)"%+ 771 —0/xT)V7] (13)

The integral S is shown in Fig. 3 as a funcfion of
T/6 for various values of the parameter 7. In
. computing this integral, the term (1 - 8/xT)Y?

(which arises from phonon emission) is set equal
to zero when ©/xT>1. In general, the integral
must be performed numerically, but in the Ap-
pendix we give an approximate expression for S
which allows hand calculation of u to an accuracy
of a few percent. In Fig. 4, we show u as a func-
tion of T/6 for reasonable values of 7. The quali-
tative behavior of u can be described as follows.
At low temperatures (7/6<0.1), S=1, and p has
the 7~%2 temperature-dependence characteristic
of acoustic mode scattering. As T increases, S
decreases sharply and eventually (when 7/6 >1)
approaches a constant value so that y again has a
T-%2 temperature dependence. The transition re-
gion (0.1<7T/6<1) has a rather steep temperature
dependence which can be approximated!” by a pow-
er law T™? with 8 determined by 5. For n=1, 2,3,
4, and 5, one obtains f~1.8, 2.0, 2.2, 2.3, and
2.4, respectively.

For purposes of calculation, it is convenient to
write Eq. (11) in the form

fr+yY2 paz
= X 5
M 3.2X%10 (1 +1’S/2)((m“i /mo)S/ZE:C>

x S(e,n, T)T~¥2,

(14)

where u is in cm?/V sec, E,¢ isin eV, pisin
g/cm?, % is in cm/sec, and my is the free-elec-

FIG. 3. Temperature dependence of the integral S
for various values of n= (Eypo/Eac)?. These curves
were obtained by numerical integration of Eq. (13).
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FIG. 4. Temperature dependence of the hole mobility
[Eq. (14)] assuming combined acoustic and NPO mode
scattering for various values of n=(Expo/Eac)’.

tron mass. From Eq. (14), it is clear that there
are seven physical parameters to be specified:
m¥, m¥,p, 4,0, Epq, and 7. The values of p and
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© are well known for most materials and present
little difficulty. Since both longitudinal and trans-
verse phonons are involved in the scattering, !¢ the
appropriate sound velocity is an average

2

—2_ 1
3Ur

U= (15)

where u; and u are, respectively, the velocities
of longitudinal and transverse sound waves aver-
aged over all directions. !® Since these velocities
are known for most materials, # is not an ad-
justable parameter. The light-hole mass m¥ en-
ters only through the insensitive » factor shown
in Fig. 2 and hence the choice of this parameter
is not critical. This leaves only m¥%, E,q, and 1
as important adjustable parameters. As noted
above, the temperature dependence of p is de-
termined by 7 while the absolute magnitude is de-
termined by the product (m¥) >2Ez%.

2.2
+3Up,

B. Comparison with Experiment

In Table I, we have listed values for the param-
eters needed in Eq. (14) for Ge, Si, GaP, GaAs,
InP, and AlSb.%" The first six columns contain all
the material parameters except E,c. The values
of E,¢ listed in the seventh column were chosen to
give agreement between Eq. (14) and the room-
temperature experimental Hall mobilities u(expt)
listed in column 8. We have assumed that the
Hall and drift mobilities are directly comparable
(uy/pp=1). For pure acoustic mode scattering
in a simple band, the correct ratio would be
Ly/ up=37/8. Inthe absence of detailed calcula-
tions of py for the valence bands, the assumption
Uy/ bp=1 would appear to be reasonable.

In Fig. 5, we show complete fits of the lattice
scattering portions of the data for Ge, GaAs, and

TABLE I. Parameters used in calculating hole mobilities [Eq. (14)] in group-IV and group-III-V materials.
Material p oM mi/my®  my/mg? 7 S Epc®  plexpt)d gd
(g/cm®  (°K) (10°cm/sec)®  (n=4, T=300°K) eV) (300°K) pocT™®
Ge 5.32 430 0.35 0.04 3.63 0.30 3.7 2050 2.33
Si 2.33 730 0.50 0.16 6.82 0.45 7.9 350 2.3
GaP 4.13 580 0.88¢ 0.16° 4.76 0.37 5.7 120 2.2—-2.3
GaAs 5.31 410 0.50° 0.068! 3.90 0.30 5.3 400 2.3-2.4
0.508 7.9
InP 4,79 480 {0.60 } 0.108 3.818 0.32 { 6.3 } 160 2.3—2.4
0.70 ) 5.2
0.401 6.1
AlSb 4.22 480 { 0.50 } 0.07! 3.72 0.32 { 4.6 } 400 >2
0.60 3.7

ap, Aigrain and M. Balkanski, Selected Constants
Relative to Semiconductors (Pergamon, Oxford, England,
1961).

bReference 5, p. 118.

®Esc was adjusted to make Eq. (14) agree with u (expt)
at 300 °K.

9References for experimental data are cited in text.

°R. A. Faulkner (private communication).

fA. K. Walton and U, K. Mishra, J. Phys. C 1, 533
(1968). -

EAssumed to be intermediate between InSh and GaP.

BEstimated using empirical relation. See R. W. Keyes,
J. Appl. Phys. 33, 3371 (1962).

iAssumed to be similar to GaAs.
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FIG. 5. Comparison between theoretical (solid lines)
and experimental (open circles) mobilities for Ge (Ref.
21), GaAs (Ref. 13), and GaP (Ref. 12). The dashed
lines have T ~%2 slopes and correspond to pure acoustic
mobilities. Parameters used in the calculation are given
in Table I and discussed in the text.

GaP to illustrate the agreement between experi-
mental and theoretical temperature dependences.?®
In calculating the mobilities given in Fig. 5, we
have used 7= (ENPO/EAC)2= 4 in all cases. This is
in agreement with previous results for p-Ge & 17%2!
and p-Si, !” and as was mentioned above, is a con-
sequence of the approximately T ~2% temperature
dependence. In the cases of Ge and Si, all other
parameters enteringin Eq. (14) are well known ex-
cept E,o. By fitting the magnitude of p at 300 °K,
we obtain E,c(Ge)= 3.7eV and E,c(Si)=7.9eV. In
the III-V compounds, the hole effective masses are
not well known. Therefore, one should not place
great confidence in the values of E,¢ obtained by
fitting the magnitude of u at 300 °K. Neverthe-
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less, if we assume that the m¥ values listed in
Table I are accurate and we adjust E,q as in the
case of Ge and Si, we obtain the values shown in
Table I. These values for E,c were used to com-
pute the curves shown in Fig. 5 and all fall in the
range 3<E,; <8 eV, The range of acoustic mode
deformation potentials for the III-V compounds is
comparable with those for the elemental semi-
conductors. We believe that this is a consequence
of the similarities in their valence bands and crys-
tal structures. The differences in hole mobility
values for the group-IV and group-III-V p-type
materials are attributable to (small) differences
in material parameters rather than different scat-
tering mechanisms.

It is appropriate at this point to discuss the ex-
tent to which polar modes may be ruled out as an
effective scattering mechanism in the valence
bands of III-V compounds. The expression usually
quoted for the polar mode mobility has the tem-
perature dependence’®

bpo « (©/T%(e®T-1)G 1)e™*, (16)

where G(1)e™* is given graphically in Ref. 9 and is
a slowly varying function of T when the plasma
frequency w, is small (i.e., when screening is
negligible). At high temperatures (726), Hpo ap-
proaches a T~Y2 temperature dependence which is
in strong disagreement with the experimental data.
In Fig. 6, we show a comparison between the tem-
perature dependence of Eq. (14) (with n=4) and
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3 L J
-
<
(8]
2]
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FIG. 6. Comparison between the temperature de-

pendence of the polar mobility [Eq. (16)] and the mobility
resulting from combined acoustic and NPO mode scat-
tering [Eq. (14)] with n=4.
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Eq. (16) (with w,=0) for T/6>0.3. If Eq. (16)
were in agreement with the data at 7/6=0.5, it
would be in disagreement by a factor of 2 at 7/6
=1. Itis possiblethat a correct calculation of the
polar mobility in p-type materials would give a dif-
ferent temperature dependence than predicted by
Eq. (16). Itis also possiblethat one can obtain bet-
ter agreement between Eq. (16) and the experi-
mental data by using temperature-dependent di-
electric constants.?® We simply note that Eq. (16)
does not agree with experiment whereas Eq. (14)
is in excellent agreement.

It is also worthwhile to point out that polar mode
scattering occurs preferentially in the forward
direction® (the matrix element for scattering is
proportional to ¢~2 where g is the phonon wave
vector) and hence involves small momentum
changes. This would reduce its effectiveness for
interband scattering and would tend to decouple
the bands v, and v,. Under these circumstances,
the total polar mobility would be Zigher than what
would be predicted by using a density-of-states
effective mass m%=m* in Eq. (16), as has been
done in previous calculations of the polar mobility
in p-type III-V semiconductors, =& 1214

III. SUMMARY AND CONCLUSIONS

The scattering mechanisms which appear to be
dominant in the II-V compounds can be summar-
ized as follows.

A. n-Type Direct-Gap Materials

These materials (InSb, InAs, InP, GaSb, and
GaAs) have s-like conduction-band minima with
relatively small effective masses. The s-like
symmetry of the wave functions prohibits NPO
mode scattering and the low m* makes acoustic
mode scattering ineffective. Of the remaining in-
trinsic scattering mechanisms, polar mode scat-
teringis the mostimportant.*3*! Energetic car-
riers such as those involved in high-field trans-
port or free-carrier absorption can occupy states
which no longer have pure s-like symmetry. This
necessitates a careful analysis and reconsidera-
tion of the scattering processes for each case. In
extreme cases, the subsidiary minima of the con-
duction band become energetically accessible and
one has the additional possibility of intervalley
scattering.

B. n-Type Indirect-Gap Materials

The conduction-band minima of AlP, AlSb, and
GaP are at or near the X point where effective
masses tend to be larger and the symmetry is no
longer purely s-like. Thus, both acoustic and
NPO mode scattering are more important than for
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direct-gap materials. In addition, one has the
possibility of intervalley scattering. It has been
shown™® that acoustic and NPO mode intra- and
intervalley scattering are dominant over polar
mode scattering in n-GaP. The larger effective
masses and the extra scattering mechanisms made
possible by the many-valleyed conduction bands
undoubtedly explain the fact that mobilities in n-
type indirect-gap III-V materials are much lower
than those in the direct-gap materials. 8

C. p-Type Materials

In principle, one should expect acoustic, NPO
mode, and polar mode scattering to be pres-
ent in the valence bands of III-V compounds. We
have pointed out that there is no adequate theoret-
ical expression for polar mode scattering in p-
type materials and that the usual expression [Eq.
(16)] fails to explain the temperature dependence
of the Hall mobility. In view of the great simil-
arities between group-IV and group-III-V com-
pounds, it seems reasonable to expect that the
nonpolar scattering mechanisms which have been
successfully treated for p-Ge and p-Si are also
important in the III-V materials. Pursuing this
analogy, we have shown that the magnitude and
temperature dependence of the Hall mobility for
p-type GaP, GaAs, InP, and AlSb can be fitted
following a treatment first developed by Brown and
Bray®! for p-Ge. The two adjustable parameters
E ¢ and 1= (Eypo/Eac)? are quite similar for all
the materials considered and are physically rea-
sonable.

In conclusion, we feel that previous claims re-
garding the universal importance of polar mode
scattering in the III-V semiconductors are unjusti-
fied. Polar modesare clearly dominantat 300 °K
in the n-type direct-gap materials but not in the
indirect gap or p-type compounds. A complete
discussion of hole mobility must await a proper
treatment of polar mode scattering but it appears
that acoustic and NPO mode scattering are suffi-
cient to explain the data.
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APPENDIX

It can be shown that Eq. (13) approaches a high-
temperature limit of
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Se=(1+m)7! (A1)

as T/© -, This gives the ultimate contribution
of NPO mode scattering (e.g., if 7=4, the high-
temperature mobility will be only one-fifth of
what it would have been with acoustic mode scat-
tering alone). For purposes of hand calculation,
S can be approximated by the expression

S~ (1+An)™t, (A2)
where A=(0/T)H/(e®” - D) (A3)

with H and D given as functions of 7 in Table II.
The values of H and D given in Table II for a par-
ticular value of 7 will assure an accuracy of better
than 1% for T/©51.5 when Eq. (A2) is used to
approximate S. When the values of H and D for
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N=4 are used to determine A, the error in S is
<8% for 1sn<6and T/©51,5,

TABLE II. Values of H and D which optimize the
approximation given by Eq. (A2) for various values of
7= (Expo/Eac)®.

n H D

1 1.51 0.795
2 1.42 0.857
3 1.37 0.892
4 1.34 0.914
5 1.32 0.929
6 1.30 0.941
7 1.29 0.950
8 1.28 0.957
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terials have very narrow gaps and one runs into compli-
cations of intrinsic conduction and electron-hole scat-
tering. We were unable to find any data for high-quality
AlP, AlAs, or GaSb.

®The data for Si, InP, and AlSb can be fitted equally
well and are excluded from Fig. 5 solely because they
are so similar to the GaP and GaAs results.
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3'Recent work by D. L. Rode [Phys. Rev. B (to be
published)] shows that piezoelectric scattering can be ex-
tremely important at low temperatures. Rode also finds
that the temperature dependence of the dielectric constants
will not result in the reduction of the high-temperature
mobility suggested by Aven and Segall (Ref. 29).



