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The average structure of the thermoelectric material indium antimonide (InSb) has been studied
in terms of the electron density distribution using the single crystal X-ray intensity data. The charge
density of this material has been studied including and excluding the quasi-forbidden h+k+ 1 =
4n+ 2 type reflections using the maximum entropy method (MEM). Both the pictorial and numerical
results of the experimental electron density show mixed ionic and covalent character in InSb. The use
of InSb as a thermoelectric material is supported through charge density analysis.
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1. Introduction

Environmentally green and efficient power sources
are the emerging needs of the future technology. Ther-
moelectric materials fit well this character by changing
heat into electricity isentropically using the Seebeck
and Peltier cooling effects. Thermoelectric materials
can cool up to hundreds of degrees and handle large
heat fluxes for a given applied voltage. In addition,
electrical power ranging from microwatts to watts can
be produced in a thermoelectric material. Miniaturized
radioisotope solid-state power sources were designed
and are in use for the past few decades [1]. Since ther-
moelectrics are made of solid-state materials, they have
no moving parts and do not undergo chemical reac-
tions. However, they still do not have high enough ef-
ficiencies to be viable in many commercial fields, such
as domestic air conditioning and waste heat recovery.
Most contemporary research in thermoelectric materi-
als deals with developing compounds and devices with
greater efficiency. Currently, there is a strong impe-
tus towards identifying thermoelectric materials with
the thermoelectric figure of merit greater than unity
(ZT> 1). The challenge in these efforts lies in achiev-
ing simultaneously high electrical conductivity, high
thermoelectric power, and low thermal conductivity
in the same solid. These properties define the thermo

electric figure of merit ZT= S26T /k, where, S is the
Seebeck coefficient, o is the electrical conductivity,
k is the thermal conductivity, and T is the absolute
temperature. The quantities S and o are determined
by the details of the electronic structure and scattering
of charge carriers (electronic and holes) and thus are
not independently controllable parameters. The ther-
mal conductivity k has a contribution from lattice vi-
brations & as well as from electronic charge carries ke,
thus k = ke + k;. Therefore, one way to increase ZT is to
minimize k; while retaining good electrical and thermo
power properties, called phonon glass electron crystal
(PGEC) [2].

The emerging families of advanced thermoelectric
materials are dominated by antimonides and tellurides.
Because the structures of the tellurides are mostly
composed of NaCl-related motifs, they do not con-
tain any Te—Te bonds, and all of the antimonide struc-
tures exhibit Sb—Sb bonds of various lengths [3]. Ther-
moelectric properties of InSb nanowire grown using
a vapour-liquid—solid method has been reported by
Seol et al. [4].

While InSb is mainly used as infrared detectors
and Hall sensors [5], studies have shown that InSb
has much potential as thermoelectric devices [6]. It is
reported that the Seebeck coefficient and the power
factor for Si-doped and undoped InSb thin films
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are —214 uV/K, —261 uV/K and 2-10~* W/mK?,
1.3-1072 W/mK?. Further, the thermoelectric prop-
erties of GaSb and InSb alloys were studied and re-
ported [7].

Since InSb is reported as to be a good thermoelec-
tric material, the structural information along with the
electron density distribution is essential to characterize
this material, besides all its experimental observations.
Hence, the present work is aimed at the structural anal-
ysis of the single crystal X-ray data of InSb in terms of
the electron density distribution between atoms using
the maximum entropy method (MEM) [8]. The refine-
ment of the structure was carried out using software
which also can be used for Rietveld [9] type refine-
ments.

The qualitative and quantitative electron distribution
of the atoms in crystalline materials were studied us-
ing the maximum entropy formalism, because it pro-
vides less biased information on the electron densities
of the crystals compared to conventional Fourier syn-
thesis [10—-12].

2. Experiment

Small spheres of InSb crystals were prepared from
bulk crystals using a home-made crystal spherizer and
the strained surface was etched with suitable solu-
tions so as to attain perfect spherical nature with lit-
tle tolerance. A good quality single crystal sphere as
shown in Figure 1 with radius 0.0605(10) mm was
chosen and single crystal X-ray diffraction data were
collected using a CAD-4 X-ray diffractometer with
Mo K, X-radiation and graphite as the monochroma-
tor. The data set was collected with several psi-scan
sets resulting in the transmission factor of about 1.

Fig. 1 (colour online).
Single crystal InSb
sphere used for X-ray
data collection (sphere
radius 0.0605(10) mm).
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Three standard reflections were monitored for every
two hours (0.99 < decay < 1.0056) and a total of 867
reflections were measured. The quasi-forbidden reflec-
tions of the type h+k+ 1 = 4n+ 2 were also mea-
sured. Among these 867 reflections, 257 reflections are
of h+k+1=4n+2 type. The cell refinement has
been done within a 6 range of 6.00° to 16.96°. InSb
belongs to a cubic structure with space group F-43m
(zinc blende structure). There are four molecules/cell
at special positions 4(a) and 4(c). The refined cell con-
stant is 6.463(6) A.

3. Refinements
3.1. Rietveld Refinements

The raw intensity data set of the single crystal
sphere of InSb was corrected for absorption. The uR
value turned out to be 1.1. The absorption corrected
data set was refined using the software package JANA
2006 [13]. Table 1 represents the refined structure fac-
tors with o (F,) values after the final refinements. The
reliability indices of these refinements are very low
(Robs = 2.92% and wRyps = 4.99%).

The allowed reflections for InSb are A+ k+ 1 = 4n,
h+k+1=4n=+1, and h+k+ 1 = 4n + 2, where
n is an integer. Among these type of reflections, the
h+k+1 = 4n+ 2 type reflections will be very weak
and are called quasi-forbidden reflections. The theoret-
ical structure factor expression for the quasi-forbidden,
h+k+1 = 4n+ 2 type reflections is given by F, =
4(fsp — fin) where fsp and fr, are the atomic scat-
tering factors of antimony and indium atoms, respec-
tively. Since these structure factors involve the differ-
ence in the scattering factors of constituent atoms, the
expected experimental structure factors will be weak.
We have made a study on the electron density and
bonding without and with the inclusion of the quasi-
forbidden reflections in this work.

3.2. Electron Density Using MEM

The very important statistical approach to deal with
various crystallographic problems is the maximum en-
tropy method (MEM) introduced by Collins [8]. MEM
gives less biased information on the electron densities.
Currently, this formalism is used as an effective tool
to obtain qualitative as well as quantitative electron
density distribution of atoms in crystalline materials. It



564

Table 1. Structure factors of InSb refined using JANA 2006.

h k l F, F o(F,)
-1 1 1 350.53 347.51 3.57
1 1 1 351.52 348.07 3.58
0 0 2 29.39 17.52 0.97
-2 2 2 19.43 23.96 1.57
0 2 2 463.88 444.13 4.64
2 2 2 19.70 22.87 1.57
-1 1 3 357.88 374.26 3.62
1 1 3 356.39 373.08 3.61
-3 3 3 334.79 347.77 3.58
-1 3 3 347.99 351.05 3.54
1 3 3 351.35 352.49 3.57
3 3 3 336.81 346.38 3.60
0 0 4 452.78 456.80 4.61
-2 2 4 446.97 445.14 4.53
0 2 4 33.20 26.89 0.68
2 2 4 450.99 445.18 4.57
—4 4 4 394.19 391.62 4.53
-2 4 4 33.72 42.44 1.49
0 4 4 432.88 426.85 4.54
2 4 4 33.43 40.90 1.51
4 4 4 392.99 391.83 5.05
-1 1 5 332.34 331.85 3.42
1 1 5 335.29 333.36 3.45
-3 3 5 298.27 278.56 3.23
—1 3 5 317.49 322.54 3.27
1 3 5 315.85 321.05 3.26
-3 3 5 301.02 280.31 3.25
-3 5 5 272.04 302.23 3.36
-1 5 5 283.62 271.89 3.13
1 5 5 285.99 273.63 3.15
3 5 5 271.15 300.76 4.38
-2 2 6 45.20 39.47 1.47
0 2 6 411.82 407.73 4.25
2 2 6 29.02 38.32 1.71
-2 4 6 376.11 374.46 3.89
0 4 6 27.49 35.71 1.72
2 4 6 376.75 374.63 3.88
-1 1 7 287.12 286.49 3.21
1 1 7 282.99 284.86 3.18
—1 3 7 268.56 260.91 2.98
1 3 7 267.42 262.69 3.18

produces the so-called ‘super resolution’ electron den-
sity distributions [14].

In this work on InSb, the MEM refinements were
carried out by dividing the unit cell into 128 x 128 x
128 pixels. The initial electron density at each pixel is
fixed uniformly as Fooo/aj = 1.478 /A3, where Fyo is
the total number of electrons in the unit cell and ag is
the cell parameter. The Lagrangian parameter is suit-
ably chosen so that the convergence criterion C = 1
is reached after a minimum number of iterations. For
the numerical MEM computations, the software pack-
age PRIMA [15] was used. For the 1D, 2D, and 3D
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Table 2. Parameters used and obtained in MEM refinements.

Parameter With Without
h+k+1 h+k+1
=4n+2 =4n+2

Number of cycles 1064 5160

Lagrange parameter (1) 0.022 0.006

Prior electron density (e/A%) 1.478 1.478

Ryvem (%) 1.9 1.6

wRMEM (%) 2.3 2.0

Resolution (A) 0.05 0.05

representation of the electron densities, the program
VESTA [16] package was used. The MEM parameters
are given in Table 2. The 3D electron density distribu-
tion in the form of iso-surface in the unit cell is repre-
sented in Figure 2a and 2b, respectively, for the anal-
ysis with and without &+ k + [ = 4n + 2 reflections.
The 2D electron density distribution for the reflections
with and without 4+ k + [ = 4n+2 on the (110) plane
is given in Figure 3a and 3b. Similarly, the 2D den-
sity distribution on the (100) plane is shown in Fig-
ure 4a and 4b, respectively. The one-dimensional elec-
tron density profiles for the analysis of reflections with
and without 2+ k+ [ = 4n+ 2 reflections, along [100],
[110], and [111] directions are represented in Figure Sa
and 5b, respectively. Tables 3 and 4 give the numerical
values of the electron densities along the three crystal-
lographic directions [100], [110], and [111].

Table 3. 1D electron density of InSb (with h+k+1[=4n+2
type reflections) along the three directions in the unit cell.

Direction Position Density
A (e/A%)
[100] 0.000 894.5500 (In peak)
[100] 3.232 0.0136
(100] 6.463 894.5500
[110] 2.285 0.1949
(111] 1.399 0.2564 (Mid-bond)
[111] 2.798 1289.7100 (Sb peak)

Table 4. 1D electron density of InSb (without h+k+1 =4n+
2 type reflections) along the three directions in the unit cell.

Direction Posiﬂtion Den§ity

@A) (/A
[100] 0.000 981.8100 (In peak)
(100] 3.231 0.0137
[100] 6.463 981.8100
(110] 2.285 0.2377
[111] 1.399 0.2632 (Mid-bond)
[111] 2.788 1182.9000 (Sb peak)
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(b)

Fig. 2 (colour online). (a) 3D iso-surface of the electron density of InSb in the unit cell (analysis with h+k+1=4n+2
reflections); (b) 3D iso-surface of the electron density of InSb in the unit cell (analysis without 2+ k 4 [ = 4n+ 2 reflections).

@

Fig. 3. (a) MEM electron density
contour map of InSb on (110)
plane (analysis with & + k +
| = 4n+ 2 reflections); (b) MEM
Electron density map of InSb on
(110) plane (analysis without 2+

4. Results and Discussion

The analyzed structure factors using [13], as seen
from Table 1, show a close matching of observed and
calculated structure factors. The reliability indices are
low indicating the completeness of the refinement pro-
cedures.

k+ 1 = 4n+ 2 reflections).

The 3D electron density distribution of InSb as
seen from Figures 2a and 2b show the bonding be-
tween In and Sb atoms and the interaction of elec-
tron clouds of these atoms. Though there are minute
differences in the electron density distributions when
the quasi-forbidden reflections are included or ex-
cluded from the analysis, the interactions of the
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Fig. 4. (a) MEM electron density map of InSb on (100) plane (analysis with &+ k+ [ = 4n+ 2 reflections); (b) MEM electron
density map of InSb on (100) plane (analysis without &+ k + [ = 4n + 2 reflections).

In and Sb atoms are the same in general, in both
cases.

The two dimensional electron density distributions
on the (110) plane with A+ k + ! = 4n+ 2 and without
h+k+1=4n+2 type reflections as shown in Fig-
ures 3a and 3b, evidence a strong covalent interaction
between the In and Sb atoms. Since InSb belongs to
face-centered cubic (FCC) structure, the two dimen-
sional electron density distribution on the (100) plane
(Figs. 4a and 4b), both with h+k+[ = 4n+2 and with-
out h+k+1 = 4n+2 type reflections, show the distri-
bution of In atoms only. When the h+k+1 =4n+2
type reflections are excluded, the electron clouds show
symmetric and uniformly distributed pattern, both in
(100) and (110) planes.

The one-dimensional electron density profiles along
the (100), (110), and (111) directions of the unit cell of
InSb with h+k+1 =4n+2 and without h +k+1 =
4n + 2 type reflections are shown in Figures 5a and 5b
for the low density region. The one-dimensional elec-
tron density values along the bonding direction [111]
with h+k+1=4n+2 and without h+k+1=4n+2
type reflections reveal a mid bond electron density of
0.2564¢/A> and 0.2632¢/A%, respectively, between
In and Sb atoms at a distance of 1.399 A from the
origin. This indicates the covalent nature of InSb and
proves that InSb is a very good thermoelectric material
due to heavy charge concentration but with a localized

nature. The 2D electron density distributions also sup-
port the localized charge distribution in InSb.

5. Conclusion

The present analysis visualizes the internal struc-
ture and the electron density distributions of the ther-
moelectric material indium antimonide. The electron
density study clearly reveals the covalent interactions
between indium and antimony atoms along the bond-
ing direction [111]. In addition to the covalent na-
ture, heavy charge concentration with localized nature
supports the thermoelectric character in InSb. Robert
and Saravanan [17] have studied that the enhance-
ment of the electron density in BigypSbyy can give
high electrical conductivity. For a thermoelectric ma-
terial, phonon glass and electron crystal (PGEC) be-
haviour is essential. A PGEC material features cages
(or tunnels) in crystal structure inside which reside
atoms small enough to rattle, i.e., to create dynamic
disorder. This situation produces a phonon damp-
ing effect which results in a reduction of the solid
lattice thermal conductivity [17]. In BigoSbyg the
2D MEM electron density maps of Bi, Sb on the
(110) plane show that though there are open chan-
nels (voids) in Sb and Bi for higher lattice vibra-
tions, there is much less space for the atoms to
contribute lattice vibration in BigygSbyo. This is one
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Fig.5. (a) One dimensional MEM electron
0.2 density profiles of InSb along [100], [110],
and [111] directions (analysis with &+ k +
0.1 | = 4n + 2 reflections); (b) One dimensional

MEM electron density profiles of InSb along
1.12 1.59 2.06 2.53 3-00  [100], [110], and [111] (analysis without A +
Distance(A) k+1 = 4n+ 2 reflections).

way to increase ZT by minimizing the lattice ther- ing mixed with some ionic nature has been found.
mal conductivity, while retaining good electrical and  Similar charge density behaviour is observed in the
thermo power properties. In Mg, Si thermoelectric ma-  present case justifying InSb as a good thermo electric
terial [18] too, similar behaviour of covalent bond- material too.
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