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Hall-mobility and transverse-magnetoresistance measurements have been made on zinc-doped p-GaSb from
77 to 300°K. Single-crystal samples with doping concentrations 8 X 10" and 3 X 10'® cm™* were investigated.
The split in the heavy- and light-hole bands due to the influence of the linear k term in the energy
expression of the holes in the valence band has been investigated. An energy separation of 0.015 eV has
been found to explain the observed galvanomagnetic data. Intervalley and intravalley scattering by the
acoustical, nonpolar, and polar-optical phonons and the ionized-impurity scattering for p-like wave functions
in the valence band have been considered. The impurity activation energy associated with the heavy-hole
band is found to be 0.010 eV in the lightly doped sample. The impurjty band is shown to merge with the

valence band in the more heavily doped p-GaSb.

I. INTRODUCTION

The energy —wave-vector relation for holes in
III-V compounds, including GaSb, contains a lin-
ear-k term introduced owing to lack of inversion
symmetry in their crystal structure, by the spin-
orbit splitting. As shown by Dresselhaus,® be-
cause of the linear-k term, the light- and heavy-
hole bands are split into two nondegenerate bands,
and the energy maxima of the valence bands are
not at 2(0,0,0). Experimental evidence for their
existence has been obtained from free-carrier
absorption in GaAs by Braunstein® and in InAs by
Matossi and Stern.® The influence of the linear-&
term on .the shape of the isoenergetic surfaces in
p-GaSb has been deduced by Robert ¢/ al.* from
galvanomagnetic measurements. They have shown
that the nonquadratic-band model of Lax and Mav-
roides® for germanium and silicon is insufficient
to account for all the observed galvanomagnetic
phenomena. They have, in fact, determined the
anisotropy coefficients of the light- and heavy-hole
ellipsoids along the [100] and [111] directions to
be - 1.66 and 3, respectively.

In the present work, we have determined the
energy difference between the valence-band maxi-
ma for heavy and light holes, by fitting the theo-
retically calculated Hall coefficient, conductivity,
and transverse magnetoresistance with the experi-
mental results, The experiment has been per-
formed on single-crystal samples of p-GaSb doped
with zinc and having carrier concentrations of
6 %10 and 3 x 10" cm™3 at 300 °K, respectively.
In the mobility analysis inter- and intravalley
scattering by acoustical, polar, and nonpolar
phonons, and ionized impurities, of holes having
p-like symmetry has been included. In the lightly
doped sample at low temperatures the dominant
contribution is from ionized-impurity scattering.
In the more heavily doped sample, however, im-
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purity-band conduction is assumed to be present
in addition to ionized-impurity scattering, in order
to interpret the low-temperature mobility data.
Near room temperature all four scattering mech-
anisms are shown to be important. The activation
energy of the zinc acceptors has been found to be
10 meV in the lightly doped sample, while the im-
purity band merges with the valence band in the
heavily doped case. The impurity level associated
with the light-hole band has been assumed to be
merged with it owing to the very low effective
mass.

II. EXPERIMENT

Zinc-doped single-crystal slices of gallium
antimonide, grown from stoichiometric melt have
been used for the measurement of the Hall coeffi-
cient R, the conductivity o, and the transverse
magnetoresistance Ap/p on p-GaSb. The samples
were cut perpendicular to the [111] direction from
two single-crystal boules labeled I and II and hav-
ing acceptor densities of 8 x10'" and 3% 10"® cm™3,
respectively, at room temperature as determined
from the Hall-coefficient data. Both samples I
and II are disk shaped with average diameters of
1.6 and 1.0 cm, respectively, and thickness 0.1
cm each. The Van der Pauw technique® has been
used for the measurement of the magnetoresistivity
and Hall coefficient. Four-point contacts of aver-
age size 0.5 mm were alloyed (with Sn, Zn alloy)
on the periphery of the samples. The error due
to the finite size of the contacts is less than 3%.

A Keithley nanovoltmeter has been used to mea-
sure Hall voltages and the fractional change in
resistivity on application of the magnetic field
with an accuracy of one in a thousand. The direc-
tions of the magnetic field and the current were
reversed in order to eliminate errors due to
thermoelectric and thermomagnetic effects. The
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temperature variation was recorded by keeping
the sample in a Dewar over the liquid-nitrogen
surface. As the nitrogen evaporated, the tem-
perature increased slowly enough to allow a set
of four readings within 1°K. The temperature
over the surface of the sample was also checked
to be uniform to within 1°K. The maximum ap-
plied magnetic field is 0.3 T, measured with an
accuracy of 2%, as Ap/pB? remained constant
below this field. The influence of the anisotropic
nature of the valence bands has been neglected
since the angular variation of the magnetoresis-
tance as reported by Becker ef al.” is only about
5%, which is the limit of the accuracy with which
the magnetoresistance has been measured in the
present work.

III. VALENCE-BAND STRUCTURE AND THE CARRIER
DISTRIBUTION

Dresselhaus® showed in the case of III-V com-
pounds that the energy has the form

E=E+ c{k £ [3(2R + 22+ 2R V212 (1)

The linear-% term in the above expression lifts
the degeneracy of light- and heavy-hole bands at
k=0. As shown by Robert e/ al. the energy maxi-
ma are located on the (111) and (100) axes with
the isoenergetic surfaces as ellipsoids of revolu-
tion. They estimate empirically the energy of the
heavy -hole band extremum to be 0.020 eV above
that at #=0. According to Matossi and Stern, for
light holes this energy may be one-third as large
as for the heavy-holes band and the effect of the
linear-k term cannot be neglected.

Zinc acceptors produce N, levels associated
with the heavy-hole band, N, being the concentra-
tion of acceptor impurities, and have an ionization
energy E,. The carrier concentrations p, and p,
in the light- and heavy-hole bands, respectively,
are related to N, and E, by the relation

g NA -
Pyt T VB, = E g T

Here, E, is Fermi energy referred to the energy
maximum of the heavy holes and g, is the degen-
eracy factor of the impurity levels., p, and p, can
be found from the density of states and the Fermi
energy as

N,. 2)

_L(zm*ilkET)”ZF (EE—AE) 3)
1—172 ﬁz 1/2 kBT ’

1 (2m%k, T \3%/? EE
pz:ﬂ—z('—‘%%i‘) Fl/z(kBT)’ ‘ (4)

where m} and m }; are the equivalent density-of-
state effective masses of light and heavy holes,
respectively. AE is the energy separation be-
tween the energy maxima of the two types of holes.
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IV. SCATTERING MECHANISMS OF THE
CHARGE CARRIERS

Due to the p-like symmetry of the valence bands,
the relative contribution of the different scattering
mechanisms is quite different as compared to that
for electrons in the polar III-V compound semi-
conductors. A number of papers have appeared
recently to clarify the relative importance of
acoustical, nonpolar, and polar optical-phonon
scatterings in p-type polar semiconductors, 8!

A review of these results and a comparison with
experiment were given by Kranzer. **

The overlap correction, introduced in the acous-
tical-phonon scattering rate by the p-like sym-
metry of the valence-band wave functions, is to
enhance the relaxation time by a factor of 2 over
the case in which the overlap is omitted as has
been shown by Wiley.'® Since the deformation-po-
tential constant itself has been determined by
treating it as an adjustable parameter, the ex-
pression for the relaxation time for acoustical-
phonon scattering valid for s-like symmetric
wave functions has been used,*

T_I__\/Z_Eﬁcm*s/zk T

ac — 7l'ﬁ4p772 EI/Z, (5)

where # is the average sound velocity in the semi-
conductor of mass density p and F,. is the defor-
mation-potential constant, The momentum relaxa-
tion time for nonpolar-optical-phonon scattering
valid for p-like wave functions is given by'?

-1 Eﬁpoﬁwomd*3’2
Tnp(): 4 -2
V2nitou

X [No(E + Tiwg)'/? + Re(E —Tiw,)'/2(N, +1)], (6)

where 7w, is the optical-phonon energy and E npo
is the optical-deformation-potential constant. In
the case of polar-optical-phonon scattering, the
problem of the failure of the relaxation-time ap-
proach has been overcome by using numerical
methods!* for treating several n-type compound
semiconductors. Kranzer'? has solved numeri-
cally a set of coupled inhomogeneous difference
equations and has modified the mobility expres-
sion of Howarth and Sondheimer'® originally cal-
culated for carriers having s-like symmetry.
Based on this mobility expression, the following
relaxation time for polar-optical-phonon scatter-
ing has been used:

o nka /2 _%)El/z
po eEwN, T ’

where ™
Ep=m}ew /et - €5Y).

N, is the number of optical phonons and is equal
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to [exp@©,/T) -1]"! @, is the Debye temperature,
equal to 7w,/ky, €., and €, are the high-frequency
and static dielectric constants. yx(©,/7) is modi-
fied for p-like wave function carriers. The modi-
fied values are tabulated in Table I.

The scattering by ionized impurities has been
described®® by the modified Brooks-Herring theory
accounting for the p-like wave function of the
holes. For spherical bands, the momentum re-
laxation time is given by*?

oL = 1e'N,®(2)E"3/? /e(2m¥) 12, @)
where
R (e )

z2=1+7%,e*/4m}Eek,T . (9)

N; is the total number of ionized scatterers and
is equal to p, +p,. While considering scattering
of light holes, N; becomes p, +2p, in order to
include scattering by heavy holes.

Owing to the close proximity of light- and
heavy-hole bands, intervalley and intravalley
scatterings occur. The intervalley scattering
affects the mobility of light holes appreciably.
Hence it drastically influences the low-field
galvanomagnetic properties. It is not difficult
to see that interband scattering requires a large
change in the wave vector K. Hence these tran-
sitions can be caused by the acoustical and the
optical phonons and not by the ionized impurities.
Furthermore, because of the large density of
states in the heavy-hole band, a comparatively
small number of light holes will be frequently
scattered into the heavy-hole band. Hence scat-
tering by the intervalley acoustical or the optical
phonons predominates in the light-hole band where-
as it is negligible in the heavy-hole band.

The total relaxation time for heavy holes, T,,

R :Zpi63<7?>F(K /(ZP, 2<T>)
H mi T

TABLE 1. Values of X(©p/T).

O, 1 0 1 3 5 8
x(@D/T) 1.8 1.4 2.4 3.3 4.2

is thus obtained by adding the respective relaxa-
tion times of the four processes as discussed
above, taking m} equal to the heavy-hole density-
of -states effective mass (mp) signifying intraband
scattering only. For the total relaxation times of
the light holes, 7,, the individual relaxation times
have been similarly added, taking m}=m} for
lattice scattering processes and m}, for the
ionized-impurity scattering signifying interband
and intraband scattering, respectively. The re-
laxation times 7, and 7, are averaged over the
Fermi-Dirac distribution of energy of the carriers

as
<T>=fo“’r< af")Ef*/sz/f( oo JEras,
(10)

where f, is the Fermi factor, equal to
{1 +expl(E -E)/kyTIF .

V. THEORETICAL EXPRESSIONS FOR HALL COEFFICIENT
AND MAGNETORESISTANCE

The Hall coefficient R, and conductivity ¢ in a
two-band conduction process depend more strong-
ly on the magnetic field compared with the single-
band conduction process. In the limit of low mag-
netic fields, however, R, and Ap/pB? are inde-
pendent of the field. The expressions for R, and
Ap/pB? involving the carrier concentrations p,,
b,, and the relaxation times 7, and 7, are given
by’G

(11)
peXT)F(K,) pl 2<T ) ( pieX3)F(K, ))
s TP, b S
pBZ (Z) b, e2<7_ >) })
i B
where can be written
F(Ki)=3K,-.(Ki+2)/(2K;v+ 1), o= _ DI Fpapiry (13)
m} and K; are the conductivity effective mass e(bapty ¥ hatta)”
and its band anisotropy in the 7th band. where

In terms of the mobilities y, and u,, Eq. (11)

7, =(THF(K;)/(1))* (i=1,2).
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Equation (12) also acquires a very simple form
in terms of u,, u,, 7,, and 7, under the assump-
tion that (73)(7)/{7®)? equals unity, which is usual-
ly true to within a few percent, and can be written

EA_D—_ “1“2(1’1/1’2)[1- (7’1/7’2)(11-1/“‘2)]2 . (14)

sz— [1 + (171/P2)(U'1/U2)}2
VI. HALL-COEFFICIENT AND MAGNETORESISTANCE
CALCULATION METHOD

All the computations, including the evaluation
of integrals as in Eq. (10) and the solution of tran-
scendental equations such as (2), have been done
numerically on an IBM 360-44 computer. The
values of the material parameters used in the theo-
retical calculations are given in Table II. The
values of anisotropy factors K, and K,, used in
the calculations, have also been taken from the
same table. To start with, approximate values
of N,, E,, and AE are assumed and Eq. (2) is
solved for E by the Mullers iterative technique. !’
Once E is known p, and p, are also known from

Eqgs. (3) and (4). The concentration of the ionized

acceptors N, is then equal to p, +p,. The average
relaxation times (7,) and (7,) and their higher
powers such as (72), etc. for light and heavy holes
are evaluated from Eq. (10). Hence Egs. (11) and
(12) give easily the values of R, and 0. For a set
of values of N,, E,, and AE, Ry, o, and &p/pB?
are calculated as functions of temperature and
compared with their experimental values. In this
way a set of values for N,, E,, and AE has been
obtained which gives the best agreement between
theoretical and experimental results.
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VII. RESULTS AND DISCUSSIONS

~ The variation of the conductivity and Hall coef-
ficient with temperature, obtained experimentally,
is shown in Fig. 1 by data points for samples I
and II, respectively. The continuous curves in the
figure are the theoretical best fit. R, slowly de-
creases with increasing temperature for sample
I which has less doping signifying ionization of
holes into the valence band from an associated
impurity level. In the more heavily doped sam-
ple I R, remains constant with temperature.
This is typical of impurity band merging with
valence band. Welker' also obtained similar
results for R, in heavily doped samples.

Corresponding to the best fit of the experimental
results for R, and o, the theoretical calculations
yield the activation energy of the zinc acceptors
(E,) as 10 meV and 0 eV for samples I and II
with N, equal to 8 X 10'7 and 3 % 10**.cm™®, re-
spectively. Assuming the hydrogenic nature of
zinc impurities one gets an activation energy of
21 meV according to the expression 13.6 xm}/é.
At low-doping density, E, for zinc impurities has
been found to be 37 meV, 3

The lower values of E ,, as obtained in the pres-
ent work, can be explained as an effect of in-
creased doping. At higher impurity concentrations
(~10'® cm™3) the impurity energy levels tend to
merge with the conduction band.?® Therefore, at
acceptor concentration of 8 X 10*” ¢cm™ an activa-
tion energy of 10 meV is obtained and at 3 x 10*8
cm™® doping density the impurity level merges
with the heavy-hole band, i.e., the impurity ac-

TABLE II. Physical constants of the material.

Light-hole

effective mass, mf
Heavy-hole i

effective mass, my
Density, p

Average sound velocity, #
Acoustical deformation-
potential constant, E,,
Nonpolar optical

deformation-potential constant, E,,,

Optical-phonon energy, 7w,
Optical dielectric constant, €.
Static dielectric constant, €
Degeneracy factor of

impurity levels, g4

Light-hole anisotropy factor, K,
Heavy-hole anisotropy factor, K,

0.05 my! @

0.35 m®
5.6137° g/cm?
3.24%10° ¢ cm/sec

4.0 eV?

6.0 eV2
0.0297 eV¢
13.8¢
15.0¢

26
1.66f
3.00f

2From Ref. 12,
® From Ref. 13.
¢ From Ref, 11.

d From Ref. 24.
€ From Ref. 19.
f From Ref. 4.
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SAMPLE I —0
I—x

HALL COEFFICIENT (cm¥C)
S_
T
ﬂ
J
CONDUCTIVITY (4T c)

1 1 1 1 1 1
0 0.002  0.004  0.006  0.008  0.00 0.0
!/ TEMPERATURE (°K')

FIG. 1. Experimental points of Hall coefficient and con-
ductivity for sample I (O) and sample II (X) are shown as
a function of temperature. The continuous curves are
the theoretical best fit.

tivation energy reduces to zero. A decrease of
E, with increasing doping in p-GaSb has been ob-
served by Van Mau ef al.?' The formation of im-
purity bands leads to tailing of the density of
states into the forbidden gap near the zone center
and the dispersion relation for the carrier energy
is modified.??* The poor fit of theory and experi-
ment for sample IT at low temperatures is clearly
due to these impurity-band effects. At higher
temperatures, however, due to the larger carrier
energies, these effects are minimized.

The variation of the Fermi energy and of the
heavy - to light-hole concentration ratio, i.e.,
ps/b,, With temperature is shown in Fig. 2. These

curves correspond to AE =0,015 eV. The ratio
p,/P, becomes very high at low temperatures in
sample I because of the very low density of states
in the light-hole band and energy separation AE
which the carriers are required to have to be ex-
cited from the upper heavy-hole band to the lower
light-hole band. In sample II, however, p,/p,
does not become that high because of the degener-
acy of the valence bands. The Fermi level lies
within the light-hole band at 77 °K and is easily
populated. Near room temperature also, due to
the higher thermal energy of the carriers which is
even greater than AE, the light-hole band gets
easily populated and p,/p, does not become very
high,

Figure 3 shows the mobilities, combined for
light and heavy holes according to Eq. (13), sep-
arately for the three lattice scattering mechanisms
discussed, i.e., acoustical, polar, and nonpolar
optical phonons. Nonpolar scattering can be seen
to be dominant over the others including ionized-
impurity scattering (see Fig. 4) at 300°K in sam-
ple I. Acoustical and polar contributions to the
scattering decrease owing to the p-like nature of
the carrier wave functions. At 77 °K only ionized-
impurity scattering exists. In Fig. 4, the light-
and heavy-hole intraband-ionized-impurity-scat-
tering limited mobilities are shown. In sample
II, the ionized-impurity scattering remains most
significant at all temperatures. The saddle-
shaped curve in this figure indicates that the
screening term becomes more dominant at lower

(meV)

FERMI ENERGY

| |

P, /plx2(II)

£

1120 -

FIG. 2. Concentration
ratio p,/p of heavy and
light holes and the Fermi
energy in samples I and II
are shown as a function of
temperature.

'\

HOLE CONCENTRATION RATIO p/

{40

60 100 140 180 220
TEMPERATURE  (°K)

260 300



)

2

Mobility (v'5ee

3,
T

1 1 1 1
0 100 140 180 220 260 300
Temperature °K

FIG. 3. Temperature variation of the mobilities due to
acoustical, nonpolar, and polaroptical phonons. These
mobilities are combined for light and heavy holes ac-
cording to Eq. (13).

temperatures than the 7°/2 term in the relaxation
time of ionized impurities. The T3/2 behavior of
the ionized-impurity mobility appears at higher
temperatures. The screening term becomes even
more significant for the light holes and therefore
the light- to heavy-hole mobility ratio increases
with decrease in temperature. Figure 5 shows
the temperature variation of the total light- and
heavy-hole mobilities. The total effective mobility
and the experimental mobilities for the two sam-
ples are shown in Fig, 6. The agreement is not
good for sample II at lower temperatures. This
is because of the fact that the impurity-band con-

Piom x 2(0)

10% (MOBILITY) (cm2Vsec!)

Faonz * 41

ul 1 1 1
60 100 140 180 220 260 300
TEMPERATURE  (°K)

FIG. 4. Intravalley scattering due to ionized impur-
ities for the light and heavy holes.
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12000 -

LD x 10

8000+

WOBILITY {cm? V'sec™)

4000 Pold x10

1 1
60 100 140 180 220 260 300
TEMPERATURE °K

FIG. 5. Total light- and heavy-hole mobilities p; and
Ky as a function of temperature.

duction in this heavily doped sample becomes quite
significant as mentioned earlier.

Finally Ap/pB? as calculated theoretically from
Eq. (12) is compared with the experimental results
in Fig. 7. The experimental value of Ap/pB? at
77 K for sample Iis comparable to that obtained
by Becker et al.” Had the valence bands been
assumed degenerate at k=0, the theoretical values
of Ap/pB? for sample I would have been much low-
er than the presently calculated results. In fact,
the decrease in Ap/pB? with temperature increase
is due to the decrease in the value of the mobility
ratio of light and heavy holes and of the heavy- to
light-hole population ratio. In sample II, though
the mobility is low, the high magnetoresistance
at 77 K is understandable due to the large value of

| I 1 I 1
80 120 160 200 20 280 300
Temperature (°K)

FIG. 6. Total effective mobility u as calculated
theoretically (dashed curve) and also experimentally
(Ryo) (continuous curve) for samples I and II.
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0 L L
60 100 140

FIG. 7. Transverse magnetoresistance Ap/pB2 at
a magnetic field of 0.3 T is plotted vs temperature for
samples I and II. The continuous curve is the one
calculated according to Eq. (12), and the dashed curve
is calculated from Eq. (14). @ are experimental points
within error bars.

W,/ s, the light- to heavy-hole mobility ratio.
Near room temperature, since u,/u, decreases,
Ap/pB? becomes very small. Also shown in Fig.
7 for comparison are the curves calculated using
Eq. (14).

VIII. CONCLUSIONS

The splitting of the energy maxima of the heavy
and light holes has been found to be 0.015 eV. Due
to this split, the concentration ratio p,/p, of heavy
and light holes varies with temperature. Ionized-.
impurity scattering, including the scattering of
the light holes by the heavy holes, has been shown
to be the dominant scattering mechanism at low
temperatures in the two samples studied. The
mobility ratio u,/u, of the light to heavy holes is
found to vary with temperature. The inclusion
of the variation of p,/p, and p,/u, with tempera-
ture yields calculated curves fitting the measured
transverse magnetoresistance, except at low tem-
peratures in the more heavily doped sample, where
impurity -band effects (not included in the theoreti-
cal analysis) are expected to be important.
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