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Solid solution

x =0.9.

Samples of the solid solution [ZnSnSb,];_x[2(InSb)], have been prepared over the whole range of
composition by tin flux synthesis. The lattice parameter of the sphalerite-type average structure varies
linearly between that of the end members ZnSnSb-, and InSb, a = 6.2849(2) and 6.4776(15), respectively.
Electron diffraction shows different kinds of structured diffuse scattering for Zn and In rich samples,
respectively. The former is attributed to compositional short range ordering, the latter to thermally
excited phonon modes. A metal-nonmetal transition takes place between the compositions x = 0.8 and

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Among the IlI-V semiconductors InSb has the smallest band
gap (Eg = 0.17 eV at room temperature) and is distinguished by a
high photon absorption efficiency and an extraordinarily high
mobility of charge carriers: 78000 and 750 cm?V~'s™! at 77K for
electrons and holes, respectively, which is 50 and 5 times greater
than those of Si [1,2]. These properties make InSb an important
material in infrared detector and magnetoresistivity sensing
technology [3,4]. Exchanging trivalent In for the equiatomic II-1V
mixture Zn-Sn results in the [I-IV-V, compound ZnSnSb, which is
a strongly degenerate p-type semiconductor with a metallic
temperature dependence of the resistivity [5-7]. Compared to
InSb the mobility of charge carriers (holes) is reduced by an order
of magnitude while the carrier concentration is increased by 3-4
orders of magnitude (from 2 x 10'® to approximately 10%°cm~3)
[8-10].

In this work we want to investigate whether an isoelectronic
solid solution [ZnSnSb,];_,[2(InSb)], displays a continuous metal-
nonmetal transition. Apparently the system [ZnSnSb,];_y
[2(InSb)], has been investigated earlier in the course of finding
new thermoelectric materials that possess electrical properties
similar to InSb, but at the same time have greatly reduced thermal
conductivites through alloying [11]. Reported results, however, are
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not conclusive. While the work of Voltsekhivs’kii [12] suggests
solid solution behavior over the whole range of compositions, x,
more recently Khalilov et al. [13] stated that solid solutions can
only be obtained for 0.7<x<1.0, and that already very small
amounts of ZnSnSb, (around 0.1 mol%) incorporated in InSb cause
a transition from semiconductor to metallic behavior. As a
peculiarity, ZnSnSb, decomposes peritectically at 633K and can
only be prepared from reaction mixtures containing a large excess
of Sn, i.e. where Sn is employed as reactive flux [10,14].
Consequently, our synthesis approach was to use a Sn flux for
the preparation of [ZnSnSb,];_,[2(InSb)], including the end
member InSb (x = 1).

2. Experimental

Sample preparation: Starting materials were shots of Zn
(99.99%, 1-3 mm), powder of Sb (99.9%, ~100 mesh), shots of Sn
(99.999%), and shots of In (99.99%, 2-5mm) purchased from
Sigma-Aldrich. Reaction mixtures (3 g batches) were aimed to
obtain a flexible ratio for Zn/In while keeping the concentration
for Sn and Sb constant and weighed according to the formula
[(1—x)ZnSnSb,+(2x)InSb+(4+x)Sn]. Two sample series were pre-
pared: x = 0.1,0.2, 0.3, 0.4,0.5,0.6,0.7,0.8, 0.9, 1.0 at Arizona State
University (“ASU” series) and x = 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 at
Stockholm University (“SU” series). For both series mixtures of the
pure elements were pressed into pellets and loaded into specially
prepared evacuated fused silica tubes [15]. These tubes contained
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the pellet at the bottom and a layer of coarsely crushed quartz
glass fixed by a plug of quartz wool at the top. Evacuated and
sealed ampoules were placed in a silica wool insulated reaction
container made of stainless steel, which was subsequently placed
in a furnace. The reaction mixture was first heated to 923K for
24 h to ensure complete melting of the metals. During this time
containers were periodically shaken. Thereafter, the temperature
was lowered at a rate of 50K/h to 623K, and subsequently at a
rate 1K/h until a temperature of 523K was reached. At this
temperature the product was separated from the liquid excess
metal mixture by centrifugation.

Sample characterization: Powder X-ray diffraction patterns
were collected on a Siemens D5000 diffractometer (ASU sample
products) and on a Panalytical X'Pert MPD diffractometer (SU
sample products), both operated with CuKo radiation. Lattice
parameters were obtained from least-squares refinement of
measured and indexed lines of the powder diffractograms [16].
The composition of the ASU sample products was analyzed on
polished specimens embedded in an epoxy resin by electron probe
microanalysis (EPMA) in a JEOL JXA-8600 microscope operated at
15.0kV and 30.0 nA. Elemental metals were used as standards for
Zn, Sb and Sn, while InSb was used for In, respectively. The
composition of the SU sample products was analyzed by energy
disperse X-ray spectrometry (EDX) in a JEOL JSM 7000F equipped
with a EDX detector (Oxford Instruments, EDX system INCA
X-sight with INCA software). Specimens were glued on a silicon
wafer and polished by argon ion milling. X-rays were recorded
with an accelerating voltage of 15kV. The ZAF correction
procedure was employed for quantitative composition determina-
tion in both types of analyses. Specimens (ASU sample products)
for transmission electron microscopy studies were prepared by
grinding crystals under ethanol. Some drops of the resulting
dispersion were put onto holey carbon coated copper grids. These
grids were examined in a JEOL JEM 2100F operated at 200 kV. This
microscope is attached with an EDAX detector for compositional
analysis of the samples by X-ray energy-dispersive spectrometry.

Resistivity ~measurements: The electrical resistivity of
[ZnSnSb,]; _4[2(InSb)], was measured on a Physical Property
Measurement System (PPMS) from Quantum Design using a
four-point probe in-line configuration. The compositions x = 1.0,
0.9, 0.8, 0.7, 0.6, and 0.5 were considered (ASU sample products).
The specimen for x = 1 corresponded to a crystal obtained from
the flux reaction that was shaped into a bar with dimensions
1.25 x 0.90 x 0.25 mm, the remaining specimens were prepared
by compacting powdered samples at 2GPa in a multi-anvil
pressure apparatus. This afforded cold pressed specimens in a
uniform cylinder shape with dimensions 4.48 mm in diameter,
2.48 mm in length and a density corresponding to the theoretical
one. Gold bonding wires (0.00125mm) were painted on the
sample and electrodes on the resistivity puck using an air-drying
silver paint (Demetron D200) for contacts. The puck was
subsequently loaded into the PPMS chamber and then evacuated
and sealed for the measurement. A constant current of up to 1 mA
was applied and the resistance recorded from 10-350K and
350-10K (one heating/cooling cycle) at a rate of 1 K/min.

3. Results and discussion

The crystal structure of InSb corresponds to the cubic
sphalerite (or zincblende) type (space group F43m, Z = 4) while
ZnSnSbh, adopts the tetragonal chalcopyrite structure (space group
142d, Z = 4). The chalcopyrite structure represents a tetragonal
superstructure of the sphalerite structure where the ordered
arrangement of II and IV-type atoms causes a doubling of the ¢
unit cell parameter (Fig. 1) [11]. However, the chalcopyrite
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Fig. 1. Structures of cubic sphalerite (a) and tetragonal chalcopyrite (b).
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Fig. 2. Photographs of crystals from samples [ZnSnSb;]o7[2(InSb)]o3 (left) and
[ZnSnSb, ] o[2(INSb)]o4 (right).

superstructure for ZnSnSb, is very difficult to detect. The
structural parameters are very close to the ideal values
(¢/a=2.0 and xsp, =1/4) and the tetragonal symmetry is
primarily the result of Zn/Sn ordering. Recent electron
microscopy studies have shown that chalcopyrite-type ZnSnSb,
is intricately twinned and consists of domains with sizes below
100A [13]. At temperatures between 500 and 515K ZnSnSb,
undergoes an order-disorder transition to the sphalerite structure
where Zn and Sn atoms are randomly distributed [14].

Tin flux synthesis affords mm-sized crystals of the solid
solution [ZnSnSb;];_x[2(InSb)], over the whole range of composi-
tion (Fig. 2). As expected, X-ray powder patterns for the alloys
exhibit exclusively reflections corresponding to the cubic
sphalerite structure. The lattice parameter interpolates linearly
between the end-members ZnSnSb, and InSb as a function of the
In composition, in accord with Vegard’s law (Fig. 3, Tables 1 and 2)
[17]. The lattice parameter for Sn-flux synthesized InSb is 6.478 A,
which agrees with the literature value [2]. Electron probe
microanalysis shows that Sn is not incorporated in InSb, x =1
(Table 1). For the alloy samples, EPMA indicates that they are
compositionally homogeneous but reveal systematic deviations
from the target composition, which assumes the substitution
pattern II/IV—2 IIl. For x = 0.9-0.6 the Zn concentration appears
higher than the Sn concentration. At the same time the valence
electron concentration calculated from the total composition
remains 4 per atom which implies that the excess of Zn over Sn is
electronically compensated by a higher concentration of V-Sb
and/or IlI-In. For x = 0.5 the Zn and Sn concentrations are equal, in
agreement with the expected substitution pattern. For the
samples x = 0.4, 0.3, 0.2, and 0.1 the Zn concentration becomes
smaller than that of Sn, and this is balanced by a lower
concentration of V-Sb and/or IlI-In. However, for x = 0.2 and 0.1
valence electron concentrations as calculated from the total
composition start to deviate from 4 per atom.
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Fig. 3. The cubic lattice parameter a of [ZnSnSb,];_,[2(InSb)]y vs the In

concentration (at.%). The different symbols represent data of two different sample
series. The line is a linear fit based on both sets of data.

Table 1
Cubic lattice parameter and EPMA determined composition for [ZnSnSby];_
[2(InSb)]4; “ASU” sample series.

x a(A) Sb In Sn Zn vec

1 6.4776(15) 50.25+0.38 49.6+0.23 0.02+0.02 0 4.001
0.9 6.4696(8) 50.83+0.18 47.06+0.22 0.33+0.14 1.76+0.18 4.002
0.8 6.4427(5) 50.69+0.31 40.84+0.25 3.63+0.25 484+015 3.997
0.7 6.4213(7) 50.42+0.16 35.81+0.54 6.51+0.29 73+0.23 4.002
0.6 6.3901(7) 50.24+0.09 31.25+0.83 8.97+0.56 9.57+0.33 3.998

0.5 6.3806(6) 49.75+0.22 25.42+0.65 12.36+0.47 12.47+030 3.994

04 6.3587(8) 49.07+0.12 18.92+0.82 16.92+0.18 15.38+0.29 4.006
03 6.3381(4) 49.97+048 13.92+0.52 18.13+0.67 17.83+0.46 3.998
0.2 6.3184(3) 48.41+0.51 9.53+0.24 22.07+0.20 19.99+0.33 3.989
01 6.2996(2) 47.21+0.36 4.06+0.13 26.06+0.54 22.68+0.19 3.978

0° 6.2849(2)

vec = electron concentration per atom according to the compositional analysis.
@ According to Ref. [7]

Table 2
Cubic lattice parameter and EDX determined composition for [ZnSnSby];_x
[2(InSb)]; “SU” sample series.

x a(A) Sb In Sn Zn vec
1 64785(1)
0.9 6.461(5) 50.84+0.54 47.06+1.07 0.55+0.51 1.59+0.65 4.006

0.7 6.4111(4)
0.6 6.3904(6)
0.5 6.3692(4)
0.4 6.3508(6)

50.38+0.89 35.64+0.99
49.7+0.74 29.07+0.97
50.21+£0.54 24.21+0.87
51.18+0.60 21.22+0.99

6.57+0.93
10.34+0.92
12.08 +0.95
14.53+0.96

74+1.04 3.999
10.89+0.74 3.989
13.5+0.82 3.990
13.07+0.60 4.034

vec = electron concentration per atom according to the compositional analysis.

The compositional variations suggest that the microscopic
structure of alloys [ZnSnSb,];_,[2(InSb)], is more complicated
than the simple picture of a sphalerite structure with Sb atoms
occupying one position and a random distribution of Zn/Sn/In
atoms on the other. Also, the question arises whether for low
values x alloys [ZnSnSb,];_x[2(InSb)], actually crystallize with the
chalcopyrite structure and a structural change to the sphalerite
structure occurs with increasing x. In order to study these
issues we performed electron diffraction experiments in the

transmission electron microscope for the complete range of
composition. These experiments revealed the set of basic reflec-
tions for the sphalerite-type structure in all samples. The
reflection conditions are F(hkl) = 0 unless h+k, h+l, k+l = 2n, in
agreement with the F43m space group for this structure type.
However, highly structured diffuse scattering is also present, with
varying intensity. Hence, careful tilting experiments in the micro-
scope were carried out and the results are compiled in Fig. 4.
In (a), (c) and (e) the <001> zone axis electron diffraction
patterns recorded for x=0.9, x=0.2, and x = 0.4 samples,
respectively, are presented. The corresponding patterns after
tilting the crystals a few degrees away from the exact Bragg
condition are shown in (b), (d) and (f).

The diffraction patterns for [ZnSnSb,]o1[2(InSb)]ge, X = 0.9,
show the presence of highly structured diffuse scattered intensity
which apparently form lines running along every direction
<110>"* of the sphalerite structure (Fig. 4a and b). The intensity
is increased towards the edge of the diffraction pattern suggesting
a displacive origin for this scattered intensity distribution. After
tilting the crystals and recording several diffraction patterns in all
major zone axes, we conclude that the lines of diffuse scattering
shown in Fig. 4a are actually part of sheets of diffuse scattering.
This feature is present in samples for all compositions, but when x
decreases (i.e. samples become more Zn rich) additional, and
seemingly not correlated, diffuse scattered intensity appears.

The diffraction patterns shown in Figs. 4c and d were recorded
for [ZnSnSb ] g[2(InSb)]o.2, X = 0.2, and indicated with arrows are
some weak and not well defined reflections. They are part of
continuous diffuse scattering intensity which is starting conden-
sing out into Bragg reflections. These reflections can be indexed
with a modulation wave vector of the type q~ +1/4 <024>%,
which coincides with the lattice of the chalcopyrite super-
structure [14]. Note that in the diffraction patterns for x = 0.2
the sheets of diffuse scattering observed for x = 0.9 (Figs. 4a
and b) are also present, even though with much less intensity.
Corresponding experiments for the sample [ZnSnSb;los
[2(InSb)]o.4, X =0.4, clearly show the same characteristics
(Fig. 4e and f), while for x = 0.5 the second type of diffuse
scattering intensity is absent (not shown).

To explain the two kinds of diffuse scattering we note that the
diffuse intensity distribution in the In rich samples is equivalent
to that previously reported by Withers et al. for ZnS [18]. There,
the presence of structured diffuse scattering was interpreted to
originate from low-frequency phonon modes propagating along
reciprocal space directions perpendicular to each of the six {110}
real space directions of the sphalerite structure. It has been
further postulated that such low-frequency phonon modes should
be an intrinsic property of the corner connected tetrahedral
structure of sphalerite. Indeed, we observe this kind of diffuse
scattering also in the binary InSb (x = 1) sample and therefore it is
not associated with alloying. In a resent paper by Rosenauer et al.
thermal diffuse scattering has been simulated for InSb and these
simulations agree perfectly with our experiments [19]. The
modulated diffuse scattering observed for Zn rich samples
(x<0.5) is attributed to compositionally driven short range
ordering aimed to ensure locally valence electron concentrations
of 4 per atom. This may lead to a microscopic segregation of
domains of ZnSnSb, in quaternary alloy samples for x<0.5.

Fig. 5 compiles the results of the resistivity measurements for
specimens x = 1, 0.9, 0.8, 0.7, 0.6, and 0.5. The InSb (x = 1) sample
displays resistivity values around 1.4 Q cm at 10K, which decrease
to about 0.4 Q cm at room temperature. These values are high, but
typically found for hole conducting specimens [20-22]. Depend-
ing on the kind of charge carriers and their concentration,
resistivities of InSb at low temperatures (i.e. below room
temperature) differ by several orders of magnitudes and show
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a b

Fig. 4. <001) Zone axis electron diffraction patterns recorded for (“ASU”) samples [ZnSnSb;];_«[2(InSb)]; x = 0.9 (a), x = 0.2 (b), and x = 0.4 (c). In (b), (d) and (f) the
corresponding tilting experiments are shown. Double-head arrows indicate lines of (composition-independent) diffuse scattering running along <110)* and arrows the
positions of the superstructure reflections (q~ +1/4 (024 )*) condensing out from additional, composition-dependent, diffuse scattering intensity.

only weak temperature dependence. At higher temperatures semiconductor behavior, although resistivity values have dropped
(250-400K) resistivities converge into the temperature depen- by two orders of magnitude. Again temperatures up to 350K do
dence of intrinsic conductivity. For our sample the temperature not seem to be sufficient to achieve intrinsic conductivity. For
range for intrinsic conductivity is not reached, and its behavior is sample x = 0.8 the temperature dependence of the resistivity is
similar to sample “p2” in Ref. [19]. The sample x = 0.9 still shows changed to metallic like. However, p varies only little with
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Fig. 5. Resistivity p of [ZnSnSb,];_,[2(InSb)], for x =1, 0.9, 0.8, 0.7, 0.6, and 0.5
(“ASU” sample specimens).

temperatures and values are typical of a poor metal or a
degenerate semiconductor (2-3mQcm). The samples x = 0.7,
0.6, and 0.5 show virtually the same temperature dependency
and resistivity values become increasingly lower. For x = 0.5 they
are in a range of 0.5-0.6mQcm. For ZnSnSb, earlier
measurements revealed room temperature values around
0.3mQcm [7,14]. It is reasonable to assume that the solid
solution samples are p-type conductors, because our Sn-flux
prepared InSb (x =1) shows the characteristics of a p-type
specimen [20-22] and ZnSnSb, is known to be a p-type
conductor [14].

In conclusion, we find a continuous change of the resistivity in
the solid solution [ZnSnSb,];_x[2(InSb)],, with a metal-nonmetal
transition occurring between x = 0.8 and 0.9. This result is in
sharp contrast to the earlier investigation by Khalilov et al. [13]
reporting that already very small concentrations of ZnSnSb,
(at the doping level) cause InSb to display a metallic resistivity
behavior. Our results suggest that it may be worthwhile to revisit
the thermoelectric properties of [ZnSnSb,];_x[2(InSb)],. As earlier
demonstrated, metallic ZnSnSb, has a rather low thermopower
[14], while p-type InSb with a high resistivity shows values above
100 pV/K at room temperature [23]. Resistivity and thermopower

of samples with compositions between x =0.8 and 0.9 may
represent a good compromise, and such compositions could
display the highest thermoelectric figure of merit within this
solid solution.

4. Conclusions

Compositionally homogeneous samples of the solid solution
[ZnSnSb, ], _x[2(InSb)], can be prepared over the whole range of
composition by Sn flux synthesis. According to powder X-ray
diffraction the alloys crystallize with the cubic sphalerite
structure and the lattice parameter changes linearly as a function
of the composition, x. Electron diffraction reveals structured
diffuse scattering for x<0.5, indicative of compositional short
range ordering and consequently chalcopyrite domain formation.
Thermal diffuse scattering probably inherent to the sphalerite
structure is observed for the whole range of compositions.
Samples with low x display a metallic conductivity behavior
which changes into semiconductor behavior between x = 0.8 and
0.9. These samples may reveal interesting thermoelectric proper-
ties.
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