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Abstract

The concentrations of conduction electrons in #-GaSb at 295 and 77 K have been calculated taking into account the
non-parabolic deviation of the conduction band shape. We show that at 7=295 K the concentration of heavy electrons
in the L-valley of the conduction band is higher than the concentration of light electrons in the I'-valley. On the contrary,
at =77 K the conduction electrons are mostly concentrated in the I'-valley.

Hall data for tellurium doped CZ n-GaSb specimens have been reported. Analysis of experimental data for 7= 295 K
requires the existence of two types of electrons be taken into account (the light and the heavy ones), the concentrations

of which cannot be determined. The apparent increase in the electron concentration with a decrease in the temperature

from 295 to 77 K is not true. The concentration of conduction electrons at 7= 77 K can be measured correctly with the

Hall method.

Keywords

concentration of conduction electrons, gallium antimonide, light and heavy electrons

1. Introduction

Giredmet JSC has been for many years developing con-
tactless nondestructive methods for room temperature
measurement of free carrier concentration in heavily
doped semiconductors. Free carrier concentration mea-
surement includes taking far infrared reflection spectra
of test specimens and determination of characteristic
frequencies by mathematical processing of the reflection
spectra. Studies have been conducted for Pb;_.Sn,Te [1],
CdHg,_Te [2], n-GaAs [3] and n-InAs [4]. Optically

measured free carrier concentrations are typically com-
pared against electrical measurement data.

This work is a continuation of our earlier series of
studies [1—4] while it does not deal directly with optical
measurements which are a subject of a separate study.
Unlike for the above-listed semiconductor compounds,
the treatise of room temperature electrical measurement
data for n-GaSb is a complex task by itself and requires
a special approach which will be described below in
this work. The results obtained in this study will be fur-
ther used for the calculations of optical parameters of
n-GaSb.
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The band structure and electrical properties of n-GaSb
have been well studied for a long time (see e.g. [5—17]
and overviews [18, 19]). However, there are a number of
persistent questions relating to the treatise of electrical
measurement data. For example, there is no explanation
of the fact that the conduction electron concentration al-
legedly increases as the temperature decreases from room
to liquid nitrogen one [20, 21].

Noteworthy, the concentration and mobility of elec-
trons are calculated from Hall data using simple formulas
in the assumption that n-GaSb specimens contain only
one type of electrons. We will show below that this ap-
proach is not fully justified and needs correction.

The aim of this work is to calculate the concentrations
and effective masses of conduction electrons in n-GaSb
at 295 and 77 K.

2. Theoretical calculations

It is well known that the conduction band of GaSb has
several valleys [12—18]. Figure 1 shows the band struc-
ture of GaSb as reported earlier [22].

The cited work also reported formulas describing the
temperature dependences of the energy gaps £, and EL:

3.97-107'7°
T+94
where 7 is the absolute temperature.
Using Egs. (1) and (2) one can calculate the energy

gaps for 295 and 88 K:
— for T=295K:

E, =0.902- , )

Eg95=0.728 €V; Ej595 = 0.813 €V,

AE595 = Ef295 — Eg295 = 0.085 €V = 85 meV;
—for T=77K:

Ey77=0.800 eV; E;77 = 0.888 eV,

AE77= Ep77 = Eg77= 0.088 ¢V = 88 meV.

It can be seen from these data that the gap AE is almost
temperature-independent.

Taking into account that for 7=295 K, kT=25.4 meV
(k= 1.38-1071¢ erg/deg is the Boltzmann constant) and
for T =77 K, kT = 6.63 meV, we obtain that AE,qs/
kT =3.35 and AE;/kT = 13.3. It is therefore reasonable
to expect that at the LN temperature all the conduction

—4 2 electrons will be concentrated in the I'-valley and at
3.78-10°T . e
E, = 0-813—W; (1) room temperature, they will be distributed between the
300 K E;=0.726 eV
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Figure 1. Band structure of GaSb [22]
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I'-and the L-valleys. The calculations below confirm this
assumption.

We consider the statistics for conduction electrons in
n-GaSb at room temperature (7= 295 K). The I'-valley of
the conduction band is described by the Kane dispersion
law [23], with the following relations being true ([24],
Appendix A):

3/2
\/g (kTEg) 07372
= Lo™(.B);
n 2\/51_52 Pp%, 0 (n B) (3)

2
my 3WE; °Ly*(mB) 1

- = D 4
my 4P, °LF(n,p) mg @

where n; and m; are the concentration and effec-
tive mass of electrons in the I'-valley, respectively,
my = 9.11-10728 g is the mass of a free electron, P, =
8,7-1078 eV-cm [25] is the matrix element of interac-
tion between the conduction band and the light hole band
(in the I'-Brillouin zone point) and /# = h/2n, where
h=6.62-10"27 erg - s is the Planck constant. It is assumed
that the parameter P, does not depend on energy and
temperature [25] since this form significantly simplifies
the calculations.

Equations (3) and (4) use two-parameter Fermi inte-
grals:

L'(np)={|-=2|——~L
k (n B) ‘([( ox (1 " 2BX)k (5)
where

Jo=[1+exp(x-m)]7, (6)

N = Ep/kT is the reduced Fermi level (counted upward
from the conduction band bottom in the point I');
B = kT/E, is the parameter describing the non-parabolic
deviation of the I'-valley in the conduction band.

Unlike the I'-valley, the L-valley of the conduction
band can be considered parabolic. It consists of four
rotation ellipsoids. The longitudinal effective mass is
my; = 0.95m, the transverse one being m,, = 0.11m,
[22], i.e., the anisotropy coefficient is K; = m,,/m,, = 8.64.
Accordingly, the effective mass of the density of states
(per one ellipsoid) is as follows:

m® = 3YmPm, = m KV =0.225Tm,. (7)

The concentration of electrons in the L-band #, is de-
scribed by the following relationship:

81 32
n, =Mﬁ(2m9)kT) Fyy (n=3.35), @®)

Here M = 4 is the number of ellipsoids in the L-valley and
F3,(n) is the single-parameter Fermi integral.

The integral °L;*?(n, B) transforms to F3,(n) at p — 0,
i.e., if the non-parabolic deviation of the band shape can
be ignored. The argument of the integral F3, in Eq. (8)

is (n — 3.35) because the L-band is located 3.35kT above
the I'-band.

As a result, Egs. (3), (4) and (8) transform as follows
for T=295 K:

n, =2.376-1017-°L32(n, 0.0349); ©)
073/2
L 034
ﬂ:0.0550W; (10)
my L'} (m,0.0349)

1y =7.900-10'8- F3, (n - 3.35). a1

Then, substituting 1 in the range (4,0 + +4,0) into
Egs. (9)—(11) one can calculate the above-listed parame-
ters as follows (Table 1).

As can be seen from Table 1 the n, values are always
greater than ny, this difference increasing with an increase
in the reduced Fermi level. For example, for n = —4,
ny = n,, whereas for n = 2, n,/n; = 2.34 (see Table 1). In
other words in the range n; ~ 10'8 cm=3 most conduction
electrons are concentrated in the L-band.

We now consider the statistics for electrons at the lig-
uid nitrogen temperature (7= 77 K). Taking into account
that B = kT/E, = 0.00829 and AE/kT = 13.3, Egs. (3), (4)
and (8) can be transformed as follows:

ny = 3.649 - 1016 - 0L 32(n, 0.00829); (12)
073/2

™ o o6 0L30/2(n,0.00829); 13

m, 132 (1,0.00829)

ny=1.053- 1018 Fy(n — 13.3). (14)

The results of calculations with Eqgs. (12)—(14) are
summarized in Table 2.

The value n = +13.3 corresponds to the Fermi level
position at the bottom of the L-valley in the conduction
band.

It can be seen from Table 2 that unlike for 7 =
295 K, ny is always greater than n, (conduction elec-
trons are mostly concentrated in the I'-valley). Only for
ny=2-10!8 ¢m3 the n, values prove to be of the same
order of magnitude.

The concentration and mobility of electrons in n-GaSb
are usually calculated with the following formulas (it is
assumed that there are electrons of only one type):

p=(enp)"; (15)
1

[R|=—; (16)

=|§. (a7

Here p is the electrical resistivity (Ohm-cm), R is the
Hall coefficient (¢cm?/C); p is the electron mobility
(cm?/(V - s)); e=1.6- 1019 C is the electron charge (taken
by absolute value).
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Table 1. Calculated parameters for 7= 295 K

Ep/kT 0Ly*? (m, 0.0349) | °L_32 (n, 0.0349) ny (cm3) my/myg Fs3p (m—3.35) n, (cm3)
—4.0 0.02746 0.02341 6.525-10" 0.0645 8.540-10 6.747- 101
-3.5 0.04510 0.03843 1.072- 1016 0.0646 1.408-1073 1.112- 10
-3.0 0.07389 0.06293 1.756 - 1016 0.0646 2.321-1073 1.833- 1016
-2.5 0.1206 0.1026 2.865- 1016 0.0646 3.825-107 3.021-10%
-2.0 0.1956 0.1662 4.647-10'6 0.0647 6.301-107 4.978-10'¢
-1.5 0.3143 0.2665 7.468 - 101 0.0649 1.037-102 8.192-10'°
-1.0 0.4879 0.4209 1.188-10'7 0.0651 1.708- 102 1.349- 10"
-0.5 0.7738 0.6512 1.839-10"7 0.0654 2.808- 102 2.218- 10"
0 1.173 0.9805 2.787-10"7 0.0658 4.607-102 3.640- 10"
0.5 1.725 1.430 4.098 - 10'7 0.0664 7.537-1072 5.954-10"7
1.0 2.455 2.012 5.833-1017 0.0671 0.1227 9.693 - 1017
1.5 3.379 2.732 8.028 - 1017 0.0680 0.1983 1.566-1018
2.0 4.506 3.588 1.071-1018 0.0691 0.3169 2.504-1018
3.0 7.378 5.669 1.753-10'8 0.0716 0.7655 6.047-10'8
4.0 11.07 8.178 2.631-10'8 0.0745 1.653 1.306- 10"

Table 2. Calculated parameters for n-GaSb at 7= 77 K

N = Ep/kT | °L¥? (n, 0.00829) | °L_;3? (1, 0.00829) ny (cm3) my/myg F3p (m—13,3) ny (cm3)
+2 3.927 3.702 1.433- 1017 0.0648 1.645-10°3 1.732- 1013
+5 12.63 11.51 4.609-10'7 0.0663 3.303-10% 3.478-10'4
+8 25.58 22.39 9.335-10"7 0.0690 6.624-107 6.975- 1013
+10 36.28 30.91 1.324- 1018 0.0709 0.04840 5.097-10'°
+13.3 57.38 46.78 2.094-1018 0.0741 1.017 1.071-1018

This approach is justified at low temperatures
(T="77K) but is absolutely erroneous for 7' = 295 K
when the conduction electrons are mostly concentrated
in the L-valley (Table 1). In this case (two types of con-
duction electrons) Eq. (16) describing the Hall coefficient
should be replaced for a more complex one:

IR| = 1 miL; + mlty

s 18
¢ (”1“1 +mU, )2 (18)

where ; and , are the electron mobilities in the I'- and
L-valleys, respectively.

Introducing the dimensionless parameter b = 1/, de-
scribing the relation of the electron mobilities in the
I'- and L-valleys of the conduction band, one can trans-
form Eq. (18) as follows:

1 nb> +n
[R|= >, (19)
(nyb+n,)

The values n; and n, are interrelated (see Egs. (3) and
(8)) but the parameter b is unknown. In other words the
use of Eq. (16) for calculations at 7= 295 K instead of
the correct formula (Eq. (19)) yields some “effective”

electron concentration which is only close to 77 and n, by
the order of magnitude.

3. Experimental results
and discussion

We studied n-GaSb specimens cut from ingots grown
with the upgraded Czochralski method. 6N purity raw
Ga and Sb components with the Te doping impurity were
charged into a quartz filtering crucible installed inside
the working crucible in the growth chamber. The GaSb
compound was synthesized in the filtering crucible in a
hydrogen flow at ~800 °C. The melt was then filtered into
the working crucible and the temperature was reduced to
714 °C. The single crystal was grown from a [100] seed
and annealed in the heater zone. Annealing mode was ex-
perimentally selected.

Electrical measurements were conducted for cylin-
drical reference wafers cut from the top and bottom sec-
tions of the single crystal, grounded with M14 powder
and etch-polished for damaged layer removal. The wa-
fers were then cut into 10—15 mm sized specimens. The
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Table 3. Results of electrica measurements
Specimen# | d (mm) T (K) p (Ohm - cm) [R| (cm3/C) n=1/(|R|e) (cm3) n=IR|/p nyq/n
(sz/(V'S)) 7714295
295 6.20-103 18.1 3.45-1017 2.9-10°
1 0.55 1.74
77 2.02-1073 10.4 6.01-10"7 5.2-10°
295 5.26-1073 14.9 4.19-10V7 2.8-103
2 1.99 1.65
77 1.72-1073 8.66 7.23-1017 5.0-103
295 4.56-1073 13.9 4.50- 1017 3.1-103
3 0.45 1.65
77 1.36-1073 8.41 7.43-1017 6.2-103
295 4.75-1073 13.6 4.60- 1017 2.9-103
4 2.12 1.68
77 1.51-103 8.07 7.74-1017 5.3-10°
295 3.04-1073 8.10 7.72-1017 2.7-103
5 0.50 1.37
77 9.13-10* 5.89 1.06-10'8 6.5-103
295 3.16-1073 7.47 8.37-1017 2.4-103
6 0.94 1.46
77 9.53-10% 5.11 1.22-10'8 5.4-103
295 2.32-1073 6.09 1.03-10!8 2.6-103
7 1.36 1.25
77 7.17-10% 4.83 1.29-10!8 6.7-10°
295 1.71-103 4.46 1.40-101'8 2.6-10°
8 2.04 1.10
77 5.68-10* 4.07 1.54-101'8 7.2-103

specimen thickness was d = 0.55-2.04 mm (Table 3). The
contacts were flux-soldered to flat specimen surfaces. The
contact material was indium.

Two test specimens were placed at opposite sides of a
two-side specimen holder, and the conductor wires were
soldered to the respective contact pads of the specimen
holder. The specimen holder with the specimens was
placed into a foam plastic cryostat installed between
the poles of an electric magnet. The cryostat was filled
with liquid nitrogen to a level to cover the specimens.
The measurements were run using the conventional four-
probe setup (the Van der Pau method).

The electrical resistivity of the specimens was mea-
sured without a magnetic field, and the Hall measure-
ments were run at the magnetic field induction B=0.5T,
the current through the specimen being /g, = 200 mA.

The results of the electrical measurements for the
n-GaSb specimens at 295 and 77 K are summarized in
Table 3. The specimens are presented in order of increas-
ing the electron concentration at 7= 77 K.

As can be seen from Table 3, the values 1/|R|e for
T = 77 K are always greater than those for 7= 295 K,
the n47/n,95 ratio decreasing with an increase in n,7. It was
noted above that only the data for 7= 77 K can be con-
sidered authentic, whereas correct treatise of the data for
T =295 K is impossible.

Using Tables 1 and 3 one can approximately evalu-
ate the values n; u n, for 7= 295 K if n| for T=77K
is known. For example for Specimen 7 (Table 3),
ns7 = 1.29-10"% cm3, and n = 1/|R|e for T = 295 K is
1.03-10'8 cm3. Accepting that n; remains the same at
T =295 K, one can conclude from Table 1 that for
Ep/kT=+42,n,=1.07-10"® cm3andn, = 2.50- 1018 cm.

Accordingly, (n,+n3)y9s = 3.57-10'% ¢m=3, which is
a priori greater than n = 1/(Re)yys = 1.29-10'% cm3,
Thus the apparent increase in the electron concentration
upon specimen cooling is actually not the case.

The conductivity and Hall effect were analyzed as a
function of temperature and pressure earlier [6, 7]. The
experimental data were treated using a theoretical model
that implied a number of questionable simplifications. For
example, Kane’s non-parabolic deviation of the I'-band
shape was not taken into account, and the effective mass
of electrons in this band was considered temperature- and
energy-independent and accepted to be m; = 0.047m,
which is considerably less than the calculation data pre-
sented in Tables 1 and 2.

Furthermore, the overall electron concentration in the
I'- and L-bands was also considered to be temperature-in-
dependent and accepted equal to the concentration of the
donor impurity Np introduced into the specimen which is
completely ionized in the entire experimental tempera-
ture range [6, 7]. Even complying with this questionable
assumption one should admit the lack of clarity as to how
to determine Np. It was shown [26] that the doping im-
purity concentration in GaSb increases with its content
in the charge until a certain threshold, exceeding which
it sees a plateau. Therefore, in order to deliver a correct
treatise of Hall data one should know the concentration
of tellurium in the test specimen, which the authors of the
cited study did not know [6, 7]. The overall electron con-
centration is not a constant parameter and is temperature
dependent [27].

Finally the value b = 6 was obtained for the mobility
ratio over the entire 77-300 K range. This result can hard-
ly be considered plausible taking into account the above
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line of reasoning. On the contrary, it was affirmed [27]
that the parameter » depends on temperature and varies
in a range of 5-21, while the value b = 16.7 was reported
elsewhere [28].

The first estimate m; = 0.047m, was obtained [5] for
the temperatures 1.5 and 4.2 K. Later on these values of
close ones were used by many authors, i.e., from 0.039m,
[9] to 0.052mq [8, 28]. The energy and temperature de-
pendences of the effective mass of electrons in the I'-band
were still ignored. Kane model calculations [23] (see
above) yield completely different results. As can be seen
from Tables 1 and 2 the smallest value of this parameter
is 0.0645mg at T=295 K and 0.0648m, at T=77 K, i.e.,
the calculated m; are noticeably greater than the above
experimental ones. This fact causes changes to the entire
free carrier statistics. However, this question requires a
separate study.

It was reported [29] that the energy parameter

_ 2m0Pc%/
3n*

employed in the Kane theory [23] is C = 20/3 eV which
corresponds to P, = 8.73-10% eV-cm which is close
to the value P, = 8.7- 108 eV -cm [25] accepted by us
for calculations (Egs. (3)—(4)). It was noted above that
the parameter P,, is assumed to be energy- and tempera-
ture-independent. This opinion is confronted by other

authors [30] arguing that the energy parameter C is not
constant and varies in a range of 5.999-6.109 for ener-

C
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