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a b s t r a c t

Ni3GaSb and Ni3InSb were successfully synthesized by the direct reaction of Ni and GaSb or InSb. The XRD
patterns and the lattice parameters of these compounds were in good agreement with the literature data.
The Seebeck coefficient (S), the electrical resistivity (�), and the thermal conductivity (�) of Ni3GaSb and
Ni3InSb were examined in the temperature range from room temperature to 1073 K. Both compounds
indicated metal-like characteristics. The power factor (S2�−1) values increased with temperature and
eywords:
i3GaSb
i3InSb
hermoelectric

reached maximum at 1073 K. The � and the dimensionless figure of merit ZT of both samples increased
with temperature. The maximum values of the ZT of Ni3GaSb and Ni3InSb were obtained at 1073 K to be
0.022 and 0.023, respectively.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

The thermoelectric (TE) technology, used for direct conversion
f waste heat into electrical power is expected to substantially con-
ribute to future power supply and sustainable energy management
1,2]. The efficiency of a material used in TE devices is determined
y the dimensionless figure of merit, ZT = S2T/�/�, where S, �, T,
nd � are the Seebeck coefficient, electrical resistivity, absolute
emperature, and thermal conductivity. In order to maximize ZT
f the material, S is required to be the highest, but � and � are
he lowest. Due to their transport property interrelation, they are
eeded to be optimized to achieve maximum ZT. In recent years,
everal classes of bulk materials [3,4] with high ZT were discovered,
ncluding those found for new TE materials [5,6].

Among the III–V binary semiconductors, gallium antimonide
GaSb) and indium antimonide (InSb) have attracted considerable
ttention over the last several years. GaSb based binary and ternary
lloys have turned out to be important candidates for applications

n long wavelength lasers and photodetectors for fiber optic com-

unications [7]. InSb has been interested in high speed applications
or transistors and other devices [8,9], which is associated directly
ith the very low electron effective mass and high mobility [10].

∗ Corresponding author. Tel.: +81 6 6879 7905; fax: +81 6 6879 7889.
E-mail address: kurosaki@see.eng.osaka-u.ac.jp (K. Kurosaki).
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Based on these interesting electrical properties, the TE prop-
erties such as S, �, and � of GaSb and InSb have been examined
[11–14]. For example, Su et al. investigated the TE properties of
Zn-doped InSb single crystals and reported the maximum ZT value
to be around 0.27 at 700 K [13]. The TE properties of In2Te3–InSb
solid solutions were also examined [14]. Ebnalwaled investigated
the TE properties of GaSb bulk crystals and reported the power
factor value (8.82 × 10−3 mW m−1 K−2 at 322 K) [11]. However, as
for ternary compounds containing Ga, In, and Sb, the TE properties
have scarcely reported.

As for M-(Ga or In)–Sb ternary compounds, the existing of
Ni3GaSb and Ni3InSb have been reported by Jan and Chang [15].
These compounds exhibit the hexagonal, P63/mmc crystal struc-
ture – similar to that of Ni3GaAs [16]. The melting points were
determined to be >1339 K and >1364 K for Ni3GaSb and Ni3InSb,
respectively [15]. However, the physical properties including the
TE properties of these compounds are unknown at this moment.
In the present study, therefore, we tried to synthesize Ni3GaSb and
Ni3InSb and investigate the TE properties from room temperature
to 1073 K.
2. Experimental

The Ni3GaSb and Ni3InSb ternary compounds were synthesized by direct reac-
tions of mixtures of the stoichiometric ratios of Ni (3 N), GaSb (6 N), and InSb (5 N)
in sealed silica tubes. These mixtures were processed in a series of steps: preheated
at 973 K for 12 h, slowly heated up to 1323 K for 3 days, rapidly cooled to 973 K

dx.doi.org/10.1016/j.jallcom.2011.01.006
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. Powder XRD patterns of the polycrystalline samples and the results of the
Rietveld refinement of (a) Ni3GaSb and (b) Ni3InSb. The experimental data are shown
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The temperature dependences of the electrical properties of the
Ni3GaSb and the Ni3InSb samples are shown in Fig. 4. The electri-
cal resistivity (�) of both samples exhibited a metal-like behavior;
increased with temperature in the whole temperature range and

Table 1
Lattice parameters, sample bulk density, and chemical composition of Ni3GaSb and
Ni3InSb.

Ni3GaSb Ni3InSb

Lattice parameter
a = b (Å) 4.0135 [4.0000] 4.1111 [4.1100]
c (Å) 5.1136 [5.0900] 5.1882 [5.1900]

Theoretical density
dth (g cm−3) 8.56 [8.65] 8.97 [9.03]

Measured density
dexp (g cm−3) 8.18 8.60

Relative density
dexp/dth × 100 (%) 96 96

Chemical composition determined through the EDX analysis (at.%)
s small red crosses, the calculated fits and the difference curves are shown as blue
olid lines. Short vertical lines (green) below the patterns indicate the calculated
eak positions. (For interpretation of the references to color in this figure legend,
he reader is referred to the web version of this article.)

nd held at this temperature for 4 days, and quenched in an ice water bath. The
roducts were crushed and milled into fine powders. Bulk samples were then pro-
uced by spark plasma sintering (DR.SINTER LAB, SPS-515A) of the fine powders in
20 mm diameter graphite die using 40 MPa sintering pressure at 1123 K for 30 min

n an argon-flow atmosphere. The ingots were cut into the rectangular shapes of
mm × 3 mm × 15 mm and 10 mm × 10 mm × 1 mm. Their phases, morphologies,
nd chemical compositions were characterized by a powder X-ray diffraction (XRD)
echnique using Cu K� radiation in a step scan condition (fixed time) with an incre-

ent of 0.02◦ and a slit-condition of 1.0◦–1.0◦–0.60 mm (DS–SS–RS) on Rigaku RINT
000, and a scanning electron microscope (SEM) equipped with an energy disper-
ive X-ray (EDX) analyzer (Hitachi, S2600H) at room temperature. The density of
he bulk samples was calculated based on the measured weight and dimensions.
he electrical resistivity (�) and the Seebeck coefficient (S) were measured using a
ommercially available apparatus (ULVAC, ZEM-1) in a helium atmosphere. Ther-
al conductivity (�) was evaluated from thermal diffusivity (˛), heat capacity (Cp)

nd sample density (d) based on the relationship � = ˛Cpd. The thermal diffusivity
as measured under vacuum by the laser flash apparatus (ULVAC, TC-7000). Cp was

stimated from the Dulong–Petit model, Cp = 3nR, where n is the number of atom
er formula unit and R is the gas constant. The TE properties were evaluated in the
emperature range from room temperature to 1073 K.

. Results and discussion

The powder XRD patterns of the prepared samples are shown in
ig. 1. Both the samples were identified as Ni3GaSb and Ni3InSb,

ccording to the JCPDS database (Reference codes: 47-1401 for
i3GaSb and 47-1402 for Ni3InSb) [15,17], although these com-
ounds contained a few peaks that were inconsistent with the

CPDS data. Therefore, the XRD experimental data were analyzed by
he Rietveld refinement [18] on the X-ray diffraction patterns, using
Fig. 2. Crystal structure of Ni3GaSb and Ni3InSb.

the hexagonal crystal system with the space group of P63/mmc.
Details of the structure are reported in Ref. [15]. Refinement of the
patterns for both compounds revealed that all the reflections can
be indexed to the Ni3GaSb and Ni3InSb phases with no evidence of
the impure phases.

The crystal structure of the compounds is described in Fig. 2.
According to the crystal structure of Ni3GaAs [16], Ni atoms occupy
the (0, 0, 0) and the (0, 0, 1/2) positions; one vacancy and one Ni
atom randomly occupy the (2/3, 1/3, 1/4) and the (1/3, 2/3, 3/4)
positions; and Ga and As atoms randomly occupy the (1/3, 2/3, 1/4)
and the (2/3, 1/3, 3/4) positions. The results of the Rietveld analysis
for Ni3GaSb and Ni3InSb were in good agreement with the results
of the crystal structure analysis of Ni3GaAs.

The lattice parameters, sample bulk density, and chemical com-
position of the samples are summarized in Table 1. The hexagonal
lattice parameters and the theoretical density of these compounds
were in good agreement with those reported by Jan and Chang
[15]. The densities of the polycrystalline samples taken from the
sintered specimens for TE characterizations were 96% of the theo-
retical density. All the samples appeared to be stable in air at room
temperature. The quantitative EDX analysis confirmed that the
chemical compositions of the bulk sintered samples corresponded
to the stoichiometric compositions, as summarized in Table 1.

The SEM and EDX mapping images of the bulk Ni3GaSb sample
are shown in Fig. 3. The SEM image indicated that the sample was
homogeneous. The EDX analysis revealed that Ni, Ga, and Sb were
uniformly distributed on the sample surface. As for Ni3InSb, similar
results to those for Ni3GaSb were obtained; i.e. the SEM and EDX
analyses confirmed that the Ni3GaSb and the Ni3InSb samples were
homogeneous with stoichiometric chemical composition.
Ni 59.5 59.9
Ga 20.1 –
In – 20.0
Sb 20.4 20.1

[], Ref. [15].
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Fig. 3. SEM and EDX mapping image
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Fig. 4. Temperature dependences of the electrical properties of the polycrystalline
samples Ni3GaSb and Ni3InSb; (a) electrical resistivity �, (b) Seebeck coefficient S,
and (c) power factor S2�−1.
s of the Ni3GaSb bulk sample.

reached a maximum at 1073 K, as shown in Fig. 4(a). The Seebeck
coefficient (S) values were negative for both samples, as shown
in Fig. 4(b), indicating that the majority of charge carriers were
electrons. The absolute S values of these samples increased with
temperature and kept a constant at around 900–1073 K. The abso-
lute S values were quite low like metals; the S values of Ni3GaSb and
Ni3InSb at 1073 K were −21 and −22 �V K−1, respectively. Ni3GaSb
exhibited the lower � and the lower absolute S values than those
of Ni3InSb. Since the larger carrier concentration (n) basically leads
to the lower � and the lower absolute S, Ni3GaSb would have the
larger n values than that of Ni3InSb. In order to discuss the mag-
nitude relationship in the electrical properties in more detail, the
Hall measurements should be performed. The power factor (S2�−1)
data of the samples are plotted in Fig. 4(c), as a function of temper-
ature. The power factor was increased with temperature and kept a
constant at around 900–1073 K. The maximum values of the power
factor of Ni3GaSb and Ni3InSb were obtained at 1073 K to be 0.43
and 0.45 mW m−1 K−2, respectively. These values were larger than
those of the related compounds such as pure GaSb [11] and InSb
[12] bulk samples.

The temperature dependence of the thermal conductivity (�)
of the polycrystalline samples of Ni3GaSb and Ni3InSb is shown in
Fig. 5(a). Unfortunately, the � values of both samples were quite
high like metals and increased with temperature. Ni3GaSb pre-
sented the higher � values than Ni3InSb because of the larger
electronic contribution on � of Ni3GaSb than that of Ni3InSb. The
lattice thermal conductivity �lat was obtained by subtracting the
electronic thermal conductivity �el from the total (measured) ther-
mal conductivity �. The value of �el was calculated using �el = L�T,
where � is the electrical conductivity (=1/�) and L is the Lorentz
number (L = 2.45 × 10−8 W� K−2). Room temperature values of the
�lat for Ni3GaSb and Ni3InSb were 3.2 and 2.3 Wm−1 K−1, respec-

tively. These relatively low �lat of Ni3GaSb and Ni3InSb would
be caused by their complex crystal structure containing a lot of
vacancies as described previously. The heavier molecular weight
of Ni3InSb than that of Ni3GaSb would lead to the lower �lat of
Ni3InSb than that of Ni3GaSb. Note that here the calculated �el
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ig. 5. Temperature dependences of the (a) thermal conductivity � and (b) dimen-
ionless figure of merit ZT of the polycrystalline samples of Ni3GaSb and Ni3InSb.

xhibited larger values than the measured � at high temperatures,
.e. �lat < 0. This is likely due to (1) the sample for measuring �
nd � is not the same sample, i.e. one is 3 mm × 3 mm × 15 mm
or � measurements, the other is 10 mm × 10 mm × 1 mm for

measurements; (2) at high temperature the Lorentz number
L = 2.45 × 10−8 W� K−2) may be not valid; and (3) there exists a
ifference in experimental uncertainties between � and � mea-

urements. Fig. 5(b) shows the temperature dependence of the
imensionless figure of merit ZT of the samples of Ni3GaSb and
i3InSb. The ZT values of both samples increased with temperature
nd reached maximum values at 1073 K to be 0.022 and 0.023 for
i3GaSb and Ni3InSb, respectively.
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[

[
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4. Summary

In the present study, Ni3GaSb and Ni3InSb were successfully
synthesized and the electrical resistivity (�), the Seebeck coefficient
(S), and the thermal conductivity (�) were examined from room
temperature to 1073 K. The XRD patterns and the lattice parame-
ters were in good agreement with the previously reported data. The
crystal structure was hexagonal with the space group of P63/mmc.
The � of both compounds increased with temperature, indicating
a metal-like behavior. The S values were negative for both samples
and the absolute values were low (<10 �V K−1 at room tempera-
ture for both compounds) like metals. Ni3GaSb exhibited the lower
� and absolute S values than those of Ni3InSb, most likely due to the
larger carrier concentration of Ni3GaSb than that of Ni3InSb. The �
and the ZT values of both samples were increased with tempera-
ture. The maximum values of the ZT of Ni3GaSb and Ni3InSb were
obtained at 1073 K to be 0.022 and 0.023, respectively.
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