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Measurements of Hall coefficient, dc conductivity, and magnetoresistances have been
made on highly compensated, undeformed n-type InSb samples from liquid helium to room
temperature. The measurements show that the extent of the impurity-band conduction de-
pends considerably on the compensation ratio and the effective concentration of the carriers.
Two activation energies have been identified in the impurity-conduction region. The mag-
netoresistance at 4.2 K is due to impurity-band conduction and is found to be positive. It
shows approximately a square-law dependence on a magnetic field. The observed behavior
of magnetoresistance at 300 and 77.4 K is consistent with the behavior expected for free
electrons. The variation of Ap/p with temperature in the range 4.2—300 K at 0.3 kG is
essentially governed by the variation of p p in the same temperature range.

I. INTRODUCTION

The study of dislocations in semiconductors is of
interest for two reasons. On the one hand, the im-
portant electrical properties are much more sensitive
to the dislocation content than in the case of metals,
and thus it is important to know the extent to which
the dislocations limit these properties. Conversely, a
study of the electrical effects makes available more
detailed information on the structure of the disloca-
tions. InSb, which can be easily grown into single
crystals, provides an easy access for such studies.
This semiconductor on slight deformation produces
an appreciable density, i.e., about 10’ dislocations
per cm?. These are rows of atoms with unsaturated
dangling bonds on the edges of extra half-planes
created throughout the body of the crystal. In 60°
dislocations in InSb, where In atoms are at the edge
of the extra half-planes, there is no excess of elec-
trons, and such rows will create an acceptor level in
the forbidden gap. When Sb atoms form these rows,
each atom has a saturated electron pair and the
dislocations should introduce a donor level. These
dislocations called, respectively, In and Sb type,
have in effect been observed to exhibit both donor
and acceptor behavior.’> High-temperature plastic
bending was used by Bell, Latkowski, and Willough-
by! to introduce into indium antimonide single crys-
tals an excess of dislocations having either In atoms
at the edge of their extra half-planes or having Sb
atoms there. Hall coefficient and electrical conduc-
tivity measurements, made on bent samples, indicat-
ed that both In and Sb dislocations act as an accep-
tor center in n-type material, and that In disloca-
tions act as acceptor centers in p-type material. The
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observations on transport properties relating to
plastically bent InSb samples have been taken main-
ly from room temperature to liquid-nitrogen tem-
perature. An extension of these studies to liquid-
helium temperatures is likely to be rewarding. With
this objective in view, we have taken four different
single crystals of n-type indium antimonide and we
report here the results of measurements of electrical
properties of these samples before deformation from
4.2 to 300 K. The studies regarding changes pro-
duced in electrical properties after deformation will
be reported in a separate communication.

The conductivity of a semiconductor is very much
dependent on doping, and the low-temperature con-
ductivity of a doped semiconductor is significantly
affected by the nature of the impurity band (IB),
which in turn, depends3'5 on the nature and concen-
tration of the impurity, degree of compensation, and
effective mass of the charge carriers. In order to
understand the mechanism of charge transport and
the nature of the scattering process, the relative con-
tribution of free electrons and impurity-band con-
duction should be estimated as a function of tem-
perature for various locations of the Fermi level.
The fundamentals of the physical theory of
impurity-band conduction and its phenomenological
models have been discussed by a number of work-
ers.>*%®=% Since the critical concentration for
Mott’s transition’ is lower in semiconductors having
low effective mass, several phenomena correlated
with impurity-band, e.g., metal-to-nonmetal transi-
tion’ and hopping conduction at low temperature,
are more important for semiconductors having low
effective mass of the charge carriers, e.g., n-type
GaAs and InSb.
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At high temperature, the current is mainly carried
by free charge carriers in thermal equilibrium with
impurity atoms. The conductivity due to impurity-
band conduction, being very small, does not normal-
ly compete with free charge-carrier conductivity ex-
cept at sufficiently low temperatures. However, in
semiconductors having a high degree of compensa-
tion and high energy gap, the contribution of
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Hall mobility uy (equal to Ryo)
(cm?/Vsec) at 0.3 kG

impurity-band conduction may be significant even Ml2222
at high temperature.°~!> This work reports con- XXX
ductivity, Hall mobility, and magnetoresistance N R R
measurements in degenerate and highly compensat-
ed samples of n-type InSb.
L
II. EXPERIMENTAL DETAILS S é( ,>,,< 3\( .>\<
Rlienm=
The electrical resistivity and Hall-coefficient mea- e
surements were made on a number of n-type InSb
single crystals. Table I provides the relevant details 5555
of the specimens studied. The samples, after being i T
properly cleaned by ultrasonic cleaning in propanol, 13332
were subjected to a slow lapping process using a fine < Q
mesh of corborundum power. A 1:1 HNO;HF e
solution was used for etching the lapped samples. g S VEEZ B3
The etched samples were washed with deionized wa- ES L I
ter and ohmic contacts were then made by placing § o 22
small In dots at the proper places of measurements = '“E
and heating them in a furnace at ~170 °C in an in- z S

ert atmosphere. The current contacts were spread
over the entire area of the cross section of samples
to avoid the possible asymmetry in the potential dis-
tribution in the sample. The voltage and Hall con-
tacts were kept to as small a minimum as possible,

398.50
507.20

TABLE I. Details of the specimens.
00
199.98
537.89

~0.5 mm in diameter. f RESY

The electron-transport measurements on the J|NITE
specimens were taken by mounting them on a
copper sample holder, which was kept under vacu- g

. . . . . 16 z; 15) M

um in a conventional liquid-helium cryostat.”® An ga 2uos
electronic temperature controller'’ was used to regu- k1 S|ne =9
late and control the temperature of the sample hold- Eé =R

er from 4.2—300 K. The ohmicity of the sample
contacts was also checked. An Au + 0.03 at. % Fe
versus chromel thermocouple was used to measure
the temperature in the entire range of measurement.
The calibration of the thermocouple was also
checked periodically. A Honeywell potentiometer

300 K
25
4
47
3

(Model 2783) coupled with a Leeds-Northrup null § I EoRoRoke
detector and a Philips dc microvoltmeter (Model R XXXX
PP 9004) were used to measure the potential differ- g E | XXXX
ence across the voltage leads, the Hall voltage leads, a -
and voltage developed in the thermocouple. A con-

stant current generator'® was used to pass a current

~1 mA through the samples. A Varian electromag- k¢

net, capable of giving a maximum of 14-kG field glmaeos
was used to generate the magnetic field at the speci- @

men site for Hall voltage and magnetoresistance
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FIG. 1. Plot of logjoo vs 1/T in the temperature range 4.2—100 K; sample 1, 0; sample 2, ®; sample 3, A; sample 4, A.

measurements. o, Ry, and Ap/p measurements
have been carried out from 4.2—300 K in a max-
imum of 9-kG field, while these have been carried
out up to 14 kG at three fixed points, viz. helium
point, nitrogen point, and room temperature. The
current through the samples and the magnetic field
were also reversed while taking observations to keep
to a minimum the effects of thermoelectric and
thermomagnetic voltages.

III. RESULTS AND DISCUSSION
A. Conductivity

The variation of the measured conductivity with
temperature (log,go vs 1/7) for the samples 1, 2, 3,
and 4 is shown in Fig. 1 in the temperature range
4.2—-100 K. It is observed that at low temperatures
this variation of the conductivity with temperature

is characterized by two straight lines having two dis-
tinct slopes. The conductivity, therefore, varies ac-
cording to the relation

o=opexp(—e/kT) , (1)

where o is the conductivity in the limit 1/7—0
and € is the activation energy of the thermally ac-
tivated process. The two slopes indicate two dif-
ferent activation energies, €, and €;. The activation
energies €, and €; in meV are shown in Table II for
all the four samples. It will be seen from Fig. 1 that
there is a temperature maximum Tm up to which
loggo vs 1/T is a straight line. After that, the con-
ductivity deviates from the exponential behavior
with temperature (up to about 90 K depending on
the sample) showing the predominance of ionized
impurity scattering. Normal free-electron lattice
scattering process appears to dominate the conduc-

TABLE II. Details of the activation energies obtained from electrical conductivity data.
T max is the maximum temperature after which the plot of log,oo vs 1/T deviates from a
straight line, I temperature region starts from about 10—12 K down to helium temperatures,
og; is the preexponential factor, and €; is the activation energy in this region; II temperature
region starts from T, and extends down to about 18 K, o, is the preexponential factor and

€, is the activation energy in this region.

I temperature region

II temperature region

003 €3 002 € T ax
Samples Q@ 'em™) (meV) (@ 'em™!) (meV) (K)
1 3.33 0.04 43.65 2.60 29
2 3.85 0.21 25.70 2.40 32
3 25.00 0.02 65.16 1.50 59
4 2.51 0.20 15.49 1.95 33
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FIG. 2. Plot of Hall coefficient Ry vs 1/T in the temperature range 4.2—300 K at 0.3 kG; sample 1, O; sample 2, @;

sample 3, AA; sample 4, A.

tion phenomena above 100 K.

The variation of Hall coefficient with temperature
(Ry vs 1/T) is shown in Fig. 2. The observed Hall
coefficient is characteristic of a degenerate semicon-
ductor. At such a degenerate level the Hall scatter-
ing factor r is expected to be unity, and the concen-
tration of the free electrons can be estimated from
the measured Ry and is indicated in Table III.

It will be seen from Table III that the concentra-
tion n of free electrons varies approximately between

10" and 10> cm 3 depending on the nature of the
sample. In an n-type semiconductor, if the doping is
below the Mott’s transition limit, the low-
temperature conduction is characterized by an ac-
tivation energy which is correlated to the energy
differences between the ground state of the donor
impurity and an impurity band which comes into
existence in the forbidden energy gap near the im-
purity level. The low-temperature conduction in
this case takes place by the thermally activated tun-

TABLE III. Details of the impurity concentration in the reported samples. n; is the free-carrier concentration at 300
K, n is the free-carrier concentration in the flat region in the plot of Ry vs 1/T, N; is the concentration of ionized impuri-
ties, Np and N, are donor and acceptor concentrations, and C =N, /N, is the compensation ratio.

Samples n; (cm™3) n (cm™3) N; em™?) Np (em™3) N, (em™) C=N,/Np
1 3.68 10! 8.66 < 103 4.16x 10" 2.51x 10" 1.65x% 10" 0.66
2 1.37x10'¢ 1.47x 10" 1.06x 10 6.03 10" 4.56x 10" 0.76
3 1.85x 10 2.10x 101 2.04x 10'° 1.12x10'® 9.15x 10" 0.82
4 1.45x%10'¢ 7.96x 1013 8.01x 10" 4.40% 10" 3.61x 10" 0.82
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neling of electrons from neutral donor atoms to ion-
ized ones. The activation energy varies between
1.50—2.60 meV in all our samples. If the compensa-
tion is appreciable (0.66—0.82), the Fermi level is lo-
cated in the impurity band, and the low-temperature
conduction is due to thermally assisted hopping with
a very small activation energy €;. The activation en-
ergy €; varies between 0.02—0.21 meV and is smaller
than €,. This activation energy €; is correlated to
the potential barrier between the adjacent electron
droplets which are formed when the metal-to-
nonmetal transition takes place.

At very low temperature, or under the condition
of a weak localization of the electron states in the
impurity band, the conduction may not be due to the
thermally activated hopping to the nearest-neighbor
site, but may be due to the variable range hopping to
impurity sites having equal energy in accordance
with the Mott’s relation,’

o=Aexp(—Ty/T)"* . )

The parameter T, is related to the density of states
N (Ef) near the Fermi level by the relation,?

16a°
kT,

N(Eg)= , (3)
a being the coefficient of exponential decay of the
localized wave function. In our samples, we rule out
the possibility of conduction by variable range hop-
ping because the plots of log;coc vs T~ !'/* do not
yield straight lines. On the other hand, plots of
logipo vs 1/T give straight lines with two slopes
suggestive of conduction taking place via the
thermally activated hopping process with two ac-
tivation energies €, and €;. The preexponential fac-
tor o, is found to be much smaller than o,,, the
minimum metallic conductivity of InSb. According
to Mott and Davis,?! the minimum metallic conduc-
tivity for a degenerate semiconductor is given by

6 | 0.06e?
ﬁa ’

Im= |2 4)

where z is the coordination number and a is the dis-
tance between the adjacent potential wells. The
value of 0, for InSb is 348 Q~'cm~2. The experi-
mental values of the preexponential factor o for all
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FIG. 3. Variation of observed Hall mobility uy vs temperature in the range 4.2—300 K at 0.3 kG; sample 1, O; sample
2, @ sample 3, A; sample.4, A; u.r and up are the calculated effective and impurity mobilities, and the number in

parentheses refer to the sample number.
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FIG. 4. Variation of Hall mobility vs temperature for sample 4; p. (dotted curve) starts from T ., While pg (solid

curve) is at T,.

the samples are much smaller than the theoretical
value (Table II). It signifies that all the samples are
in a nonmetallic state. The low values of the activa-
tion energies show that while the compensation in
the material is enough to transform the material to a
nonmetallic state, the Fermi level has not shifted
outside the localized state region near the
conduction-band edge.

B. Mobility

The variation of the Hall mobility with tempera-
ture in the temperature range 300—4.2 K is shown
in Fig. 3. It is well known that at about the max-
imum of the mobility value in InSb, the relevant
scattering mechanisms in InSb are deformation-
potential scattering (DPS), polar optical-phonon

TABLE IV. Details of the activation energies obtained from impurity mobility data. T is
the temperature where impurity-band conduction starts and extends down to helium tempera-
tures, I and II temperature regions are those regions where straight lines in the plots of
logop1s vs 1/T are observed (Fig. 5), and Aw, is the activation energy in the I region while

Aw;, is the activation energy in the II region.

ACO] Aa)2 Tc €3 €
Samples (meV) (meV) (K) (meV) (meV)
1 0.27 12.8 26 0.04 2.60
2 0.44 15.6 30 0.21 2.40
3 0.05 23.1 54 0.02 1.50
4 0.39 17.6 26 0.20 1.95
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scattering (OPS), and ionized impurity scattering
(IIS). The values of the mobilities for the said
scattering mechanisms have been calculated using
the relaxation-time techniques,? =2 and the relevant
scattering parameters have been taken from As-
pens® and Ref. 26. The value of the pyg has been
calculated by using Matthiessen’s rule,

1 — 1 " 1 " 1 ’ 5)
MHetf  MppPs HMHops  His

where pg is the observed mobility at the maximum
temperature up to which logpo vs 1/7 is a straight
line. This temperature Tp,,, is chosen with the im-
plied idea that this corresponds to the limit at which
impurity band is expected to exist. This would
mean that up to this temperature u ¢ will be equal

HARI KISHAN, S. K. AGARWAL, AND K. D. CHAUDHURI
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to the observed mobility. Below this temperature re-
lation (5) is not expected to be valid because there
would be an extra mobility term due to impurity-
band conduction. From this value of uys, the value
of N; can be calculated using the Brooks-Herring
formula.2! The concentration of donors N and ac-
ceptors N, can also be calculated using
N;=Np+N, and n=Np—N,. The values of pys
at different temperatures can be calculated using the
values of Np and N, from the Brooks-Herring for-
mula. The effective mobility calculated using Eq.
(5) is shown in Fig. 4 by the dotted curve labeled
egr. It is observed from this figure that the pg in-
tersects the observed mobility at two temperatures
and the limit of the impurity band cannot be
uniquely defined. The same procedure of calculat-
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FIG. 5. Plot of logoup vs 1/T in the temperature range 4.2—100 K; sample 1, O; sample 2, @; sample 3, A; sample 4,
A.
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FIG. 6. Plot of Ap/p vs magnetic field for sample 1; O refers at 300 K; @ at 77.4 K; A at 4.2 K.

ing the u.¢ is repeated by taking temperature on the
observed mobility curve below T,,,,. At this tem-
perature it is assumed that fer=[lgpeerveq- HeENCE
Ups can be calculated and the effective mobility can
be computed at different temperatures. A situation
would arise when the effective mobility computed in
this manner would intersect the observed mobility
curve at one particular temperature (Fig. 4, solid
curve labeled u.g). This particular temperature will
define the limit of temperature at which impurity-
band conduction can exist. Below this critical tem-
perature T, the calculated mobility values start in-
creasing as compared to the observed mobility as the
temperature is lowered (Fig. 3). This shows the ex-
istence of impurity-band conduction below the criti-
cal temperature which increases as the temperature
is lowered.

The values of ug mobility due to impurity-band
conduction at various temperatures have been es-
timated from the relation

1 1 1

BB Hops  Heft

and these values are shown in Fig. 3. It is observed
that there is a significant contribution of impurity-
band conduction in the low-temperature region. It
will be seen from Fig. 3 that the impurity band ex-
tends, in general, to higher temperatures if the com-
pensation is higher, but it also depends on the effec-
tive carrier concentration. Figure 5 shows the plot
of logopg vs 1/T. The plot shows a linear varia-
tion with two distinct slopes. This clearly shows
that pp satisfies the relation

(6)

pis=poexp(—Aw/kT) , (7

where Aw is the activation energy for the mobility in
the impurity band and u, is the mobility in the limit
1/T—0. The mobility activation energy for the dif-
ferent samples is shown in Table IV and the conduc-
tivity activation energy is also incorporated in the
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FIG. 7. Plot of Ap/p vs magnetic field for sample 2; O refers at 300 K; @ at 77.4 K; A at 4.2 K.

same table for comparison. It will be noted that the
mobility activation energy is higher than the con-
ductivity activation energy. A probable cause for
this difference is that the drifting carriers are repeat-
edly trapped and thermally released from shallow
traps during their transit. Moreover, the conductivi-
ty activation energy is obtained purely from conduc-
tivity data when there is no magnetic field, whereas
the mobility activation energy is calculated from the
observed Hall mobility, which, essentially implies
measurement in the presence of a magnetic field. It
will be noted from Tables II and IV that the tem-
perature maximum from the log,;oo vs 1/T plot is
higher than that from the log,ou;p vs 1/T plot. The
highest temperature at which the impurity-band
conduction exists can be uniquely determined from
the mobility in the impurity band; the conductivity

data give a rough estimate. Therefore the tempera-
ture from the mobility data mentioned in Table IV
indicates the true value of the limit of the impurity
band.

C. Magnetoresistance

The magnetoresistance (MR) measurements as a
function of the magnetic field, made on the samples
at 300, 77.4, and 4.2 K, have been shown in Figs.
6—9. The observed MR at 300 and 77.4 K is con-
sistent with the behavior expected for free electrons.
By assuming that the variation of MR, Ap/p is pro-
portional to B”, the value of n at 300 and 77.4 K is
about 2 for low magnetic fields. Thus the observed
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FIG. 8. Plot of Ap/p vs magnetic field for sample 3; O refers at 300 K; @ at 77.4 K; A at 4.2 K.

MR at 300 and 77.4 K gives a square-law behavior
expected for free electrons, and the MR at 300 K is
lower than that at 77.4 K in all the samples. For
higher fields, n decreases and is about 1. This is so
because MR tends to saturate at high fields. How-
ever, the MR measurements at 4.2 K show a dif-
ferent type of variation. For samples 1 and 2, MR
at 4.2 K is higher than that at 77.4 K (Figs. 6 and 7)
for values of magnetic field higher than 3 kG, but
for lower values of magnetic field MR at 4.2 K is
lower than that at 77.4 K. The impurity-band con-
duction in these two samples extend up to about 30
K. Therefore the MR at 4.2 K is governed by
impurity-band conduction. On the other hand, the
MR at 77.4 K is due to free carrier conduction. For

samples 3 and 4, MR at 77.4 K is higher than that
at 4.2 K for all values of the magnetic field (Figs. 8
and 9). It is to be noted here that the impurity-band
conduction in sample 3 extends to about 50 K, and
that in sample 4 to about 30 K; the MR at 4.2 K is
due to impurity-band conduction but the MR at
77.4 K is due to free carrier conduction. The varia-
tion of Ap/p with temperature in the temperature
range 300—4.2 K and at 0.3 kG is shown in Fig. 10.
The MR, which depends on p, should essentially be
governed by the variation of p in the temperature
range 300—4.2 K. This is generally true in all the
specimens considered (Figs. 3 and 10). Various
theories exist to explain the MR due to impurity-
band conduction. Toyozawa?’ and Sasaki?® ex-
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plained the negative MR on the basis of spin-
dependent scattering. However, these theories
predict a square-law dependence of negative MR on
the applied magnetic field. Mott and Zinamon® pro-
posed a shift of the Fermi level Ex by an amount
tupH (where pp is the Bohr magneton) at 7'=0
upon application of the magnetic field and expressed
the magnetic field dependence of the conductivity o
by the relation,

9%

a=a(EF)+(uBH)2-aE—2 , (8)
so that
2
5a=(uBH)2§E"2- , 9)

B (kG)

FIG. 9. Plot of Ap/p vs magnetic field for sample 4; O refers at 300 K; @ at 77.4 K; A at 4.2 K.

in which the sign of 3’0 /0E? determines whether
MR is positive or negative. This theory suggests a
square-law dependence of MR on a magnetic field.
The variation of MR with a magnetic field at 4.2 K
follows from Eq. (9). In all our samples this is ap-
proximately true at 4.2 K. The MR is positive in all
the samples. This essentially depends on the nature
of the sample and on the degree of compensation.
Negative MR has been observed in crystalline semi-
conductors at cryogenic temperatures®>*® when the
impurity concentration is above the ‘“Mott transition
limit” so as to make the impurity-band conduction
possible. In the heavily doped semiconductors,
when the impurity concentration is in the region of
metallic impurity conduction, negative MR has also
been observed even at high temperature.’!3?
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FIG. 10. Variation of magnetoresistance Ap/p with temperature in the temperature range 4.2—300 K at 0.3 kG; sample

1, O; sample 2, @; sample 3, A; sample 4, A.

The MR in all our samples at 300 K is less than
that at 77.4 K. This is consistent with the expected
behavior of free electrons. The MR at 4.2 K for the
four samples is apparently governed by Eq. (9) and

can be very high when the magnetic field is high.
This explains why the MR at 4.2 K is higher than
that at 77.4 K for values of a magnetic field higher
than 3 kG for samples 1 and 2.

*Present address: National Physical Laboratory, New
Delhi 110012, India.
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