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ABSTRACT: In this Article, we elucidate the structural and o® _—o—¢9
thermoelectric properties of stannite—kuramite solid solutions, O 0
Cu,,,Fe;_,SnS,_, (x = 0—1), with sulfur defects (y) < 0.4. o e
Structural analysis revealed that anisotropy decreases and Cu/ @ Fe
g o g g q g (-] 9
Sn disorder increases with an increase in x. The samples with x ¢, O
= 0.8—1 exhibit degenerate conduction, whereas the Seebeck sk 9 lo
coefficient (S) remains relatively high, S &~ 100 uV K™ for x = = °° Cj e
0.8 at 300 K. Thermal conductivities (x) of the solid solutions @ S B0 —4® fo—g—Lo g |
3 —3_10-2 R T g 100 200 300
are in the range 107°—107 W cm™ K™, which is close to the =0 Sy T(K)

Kk value of silicon dioxide. The dimensionless figure of merit
(ZT) reaches 0.044 for x = 0.8 at 300 K. The ZT is enhanced significantly by an increase in temperature and is doubly larger than
that of x = 0 at 300 K. These findings allow us to attain higher ZT values through optimization of chemical composition.

B INTRODUCTION

Thermoelectrics is a direct conversion technique of heat to
electric power using conductors and/or de% nerated semi-
conductors that have temperature gradients.' > Waste heat
energy harvesting using this technique is a main goal for future
applications. A thermoelectric material is evaluated by the o Cu e
dimensionless figure of merit ZT = SZT/pK, where T is the © Sn 0 '
absolute temperature, S is the Seebeck coefficient, p is the Os ,-ogagb
electrical resistivity, and k is the thermal conductivity. In a simple
kinetic picture, k is given by the sum of contributions from the
elastic vibrations of a lattice (phonon) x; and free electron Fermi
gas k. A method to design thermoelectric materials is to
optimize the transport properties of materials exhibiting both low
k; and low p.5 Skutterudites,® clathrates,” zinc antimonides,®’
cobalt oxides,'® and copper chalcogenidesu’12 have all been
reported as promising materials in thermoelectric technology.
These compounds, which have site disorder and/or crystallo-
graphic deficiencies, exhibit high ZT probably because of the
existence of disordered ions scattering phonons.

The thermoelectric properties of stannite-type com?ounds
such as Cu,ZnSnSe,,"* Cu,CdSnSe,,'* Cu,SbSe,,'> and
Cu,ZnGeSe,'® have recently been studied. These compounds,
which have been mainly studied as possible photovoltaic
materials,'” have a high ZT because of their very low k. Figure
1a shows the crystallographic structure of stannite (Cu,FeSnS,),
which belongs to the tetragonal [42m space group.'® The unit cell
is characterized by a superstructure of zinc-blende-type
structures containing three different cations. Although many
elemental combinations have been reported in stannite-type Received: April 15, 2013
compounds, such as Cu,—II-IV—VI, (Il = Mn, Fe, Co, Nij, Cu, Published: August 9, 2013

Figure 1. Crystallographic structures of Cu,,,Fe,_.SnS,_, [(a) x=0and
(b) x = 1]. Sites denoted as 4d and 2b are partially occupied by Cu and
Sn. Site occupancies were summarized in Table 2. The illustration was
drawn on the basis of the structural model of stannite'® and our results of
structural refinement.

Zn, Sr, Ba, Cd, Hg; IV = Si, Ge, Sn; VI = §, Se),'972¢ thorough
and systematic research has not been reported concerning their
structural and thermoelectric properties.

Kuramite (Cu;SnS,) is a stannite-type mineral.>”*® The details
of chemical substitution in stannite—kesterite (Cu,ZnSnS,) solid
solutions are characterized by cation random distribution,”*°
whereas those of stannite—kuramite solid solutions are still
controversial. Mossbauer spectroscopy suggests Fe** atoms
occupy the centers of octahedra formed by sulfur atoms;*"** on
the other hand, X-ray absorption fine structure (XAFS)
spectroscopy indicates the iron atoms are tetrahedrally
coordinated by four sulfur atoms.*?
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Table 1. Positional Parameters of Cu,, Fe,_,SnS,_, in
Rietveld Refinements

space group I42m (No. 121) a = f =y = 90°

atoms sites site occupancy atomic coordinates (x, y, z)
Fe, Cu, Sn 2a 1 0,0,0
Cu, Sn 4d 1 0,1/2,1/4
Sn, Cu 2b 1 0,0,1/2
S 8i ~1 ~0.25, ~0.25, ~0.125

In this study, we elucidate the structural and thermoelectric
properties of stannite—kuramite solid solutions,
Cu,,,Fe;_,SnS,_, (x = 0—1). Structural anisotropy decreases
with x, and all samples are characterized by Cu/Sn disorder,
which is quite different from stannite—kesterite solid solutions.
The value of p decreases significantly when x = 0.8—1 and ZT
reaches a doubly larger value than that of x = 0.

B EXPERIMENTAL SECTION

Polycrystalline samples of Cu,,Fe,_,SnS,_, (x = 0—1) were synthesized
by solid-state reactions.>*** Stoichiometric ratios of Cu (Kojundo
Chemical; 99.9%), Fe (Kojundo Chemical; 99.999%), Sn (Kojundo
Chemical; 99.99%), and S (Kojundo Chemical; 99.99%) powders were
heated at 750 °C for 96 h in an evacuated silica tube. The products were
ground into powders and then pressed into pellets. The pellets were
again heated at 750 °C for 40 h in an evacuated silica tube. After heat
treatment, the samples were quenched in iced water.

Powder X-ray diffraction (XRD) patterns were collected using a
Rigaku RINT 2500 with Cu Ka radiation (4 = 0.154060 nm). The
crystallographic structure was refined by the Rietveld method using the
RIETAN-FP code.® The crystal structures were visualized using the
VESTA code.>” The chemical composition of the samples, especially the
amount of anion defects, was determined using an electron probe
microanalyzer (EPMA; SHIMADZU EPMA-8705). The amounts of
Cu, Fe, and S were quantified from Ka radiation, and the amount of Sn
was quantified from La radiation. The accuracy of EPMA analysis was
estimated at ~10%.

The value of p was measured by a four-probe technique using Au
electrodes at temperatures 30—300 K. S and k were measured from 80 to
300 K using a steady-state technique in a closed refrigerator pumped
down to 10™° Pa. The temperature gradient was monitored using
copper-constantan thermocouples. The values of S and k were calculated
from S = AVAT ' and x = AT, respectively, where AVis the Seebeck
voltage between the Cu wires, AT is the temperature difference between
the thermocouples, which was controlled to be within the range 0-3 K
by using a strain-gauge as a heater, and g is the heat flux density.

B RESULTS

Figure 2 shows the powder XRD patterns of Cu,, Fe,_,SnS,_, (x
=0and 1). Almost all diffraction peaks can be assigned to those
of the stannite phase, which indicates that this is the dominant
phase in the samples. However, there are several weak peaks that
can be attributed to SnO, or Cu,Sg impurities. The amounts of
impurities in all samples are less than 7.4 and 3.4 mol % for SnO,
or Cu,S;, respectively. The grain size is evaluated to be ~20 pm
for x = 0, whereas grain boundaries are hardly observed for x = 1,
as shown in the inset of Figure 2. The chemical composition of
the samples obtained from EPMA analysis is summarized in
Table S1. The x = 0 sample was used as the standard reference.
The amounts of the three cations are consistent with nominal
stoichiometric ratio while finite anion deficiency exists. The
amounts of anion defects are evaluated to be ~10 mol % for x =
0.4-1.

Table 2 summarizes refined crystallographic parameters.
Figure 3 shows the lattice parameters (a and c) versus x. These
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Figure 2. Observed (red O) and calculated (red line) XRD profiles of
Cuy,Fe,_,SnS,_, (x=0and 1). The black line represents the difference
between the observed and calculated profiles. The vertical marks

represent the calculated Bragg diffraction position of stannite and
impurity phase (SnO, or Cu,S;), respectively.

parameters for x = 0 and 1 are in agreement with previously
reported values.'®*”*® The value of a generally decreases,
whereas the value of ¢ increases as x increases in the range 0—0.6.
However, the value of a exhibits a nonlinear trend. The
discontinuity of lattice parameters has also been observed in
the solid solutions Cu,Zn,_,Fe ,SnS,*?*® and
Cu,Zn,_,Fe,GeSe,.*” This non-Vegard like behavior should be
ascribed to the cation random distribution, as described later. In
stannite-type compounds, structural anisotropy is described by a
tetragonal parameter, ¢/2a. The value of ¢/2a is essentially
constant at ~1 for x = 0.6—1, as shown in Figure 3, indicating a
decrease of structural anisotropy in this range.

The cation site can be occupied with up to three cations, which
were imposed the linear constraints to maintain their total
occupancies in the nominal stoichiometric ratios.>® The
anomalous scattering of Fe allows us to determine the site
occupancies of Cu and Fe using Cu Ka radiation, despite the
similar electron number of these metals.**' Figure 4 shows the
site occupancies versus x, refined by the Rietveld analysis. Mixed
occupation by Cu and Sn at the 4d and 2 sites was observed for x
= 0, whereas the 2a site was occupied by Fe only. The Cu/Sn
disorder in the 4d and 2b sites increases with x, while Fe on 2a
site was continuously substituted with Cu.

As shown in Figure Sa, the bond lengths (r) for the three cation
sites and anion converge at r 0.235(2) nm, indicating a
decrease in structural anisotropy with increasing x. Figure Sb
shows the bond valence sum (BVS) calculated from the
structural data.**** The BVS of Fe is 3.23 for x = 0, which is
much larger than that expected from a simple ionic model of
Cu'*,Fe?*Sn*'S,* suggesting that the Fe—S bond is under
strong compression. The BVS of the 2a site decreases with an

~
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Figure 3. Lattice parameters (a and c) and ratio of c¢/2a of
Cuy,.Fe;_,SnS,_,. The dashed line shows the guide to the eyes.
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Figure 4. Site occupancies of Cu,,,Fe;_,SnS, ,. Cation occupancies
were obtained from Rietveld analysis, while anion occupancies were
taken from EPMA analysis.
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Figure S. (a) Bond length (r) between three cation sites and anion, (b)
bond valence sum (BVS), and (c) total BVS of Cu, wFe_,SnS,_,. The
dashed line shows the guide to the eyes.

increase in x, resulting in a value of 1.20 for x = 1. The BVS of the
4d site increases from 1.39 to 2.08, whereas that of the 2b site
decreases from 3.56 to 2.75. This can be attributed to the increase
in mixed occupation between Cu'* and Sn*" in the 4d and 2b sites

9864

with increasing x. Figure Sc shows the total BVS (BVS,,,), which
is defined as follows:

BVS,, = BVS,, + 2:-BVS,; + BVS,, 1)

where BVS,; (i = 2a, 4d, and 2b) denotes the BVS of the i site. The
BVS, decreases from 9.57 to 8.11, which is consistent with the
anion defect increasing with x (see Figure 4).

Figure 6 shows the transport properties at x = 0,0.7,0.8, and 1.
Figure 6a shows p versus T. The magnitude of p is 107" Q cm at
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Figure 6. Thermoelectric properties of Cu,,Fe,_.SnS,_, (x=0,0.7,0.8,
and 1). (a) Electrical resistivity (p) versus temperature (T), (b) Seebeck
coefficient (S) versus T, (c) thermal conductivity («) versus T, and (d)
dimensionless figure of merit (ZT) versus T.

300K, and the activation energy (E,) is calculated as ~0.02 eV for
x = 0. A negative temperature coefficient (dp/dT < 0) is present
until x = 0.7, and E, is in the range 0.02—0.0S eV. The value of p
drastically drops, and a slightly positive temperature coeflicient
(dp/dT > 0) is observed for x = 0.8—1, indicating that these
compounds are degenerate semiconductors. The magnitude of p
at 300 K decreases to 107 Q cm for x = 0.8. Figure 6b shows S
versus T. A positive value of S was obtained for all samples,
indicating these compounds are p-type semiconductors. The
Seebeck coefficient for metals or degenerate semiconductors
with parabolic band and energy-dependent scattering approx-
imation is given** by:
87’ky

o 2/3
)
3eh 3n

where n is the carrier concentration, and m* is the effective mass
of the carrier. As expected from the p—T plot, the value of S at
300 K is in the range 170—330 iV K™' for x = 0—0.7, and it
decreases to 60—100 xV K™! for x = 0.8—1. Despite degenerate
conduction, S remains relatively high, S = 100 1V K™ for x = 0.8
at 300 K. This relatively high value of S should to be attributed to
existence of Fe?*/Fe** with correlation of 3d electrons. In a

dx.doi.org/10.1021/ic401310c | Inorg. Chem. 2013, 52, 9861—9866
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strong correlation system, it is reported that the S might be
enhanced by the spin and orbital degree of freedom.***’ Figure
6¢ shows k versus T. The value of k at 300 K is in the range 10—
107> W cm ™" K™ for all samples. Figure 6d shows ZT versus T.
The sample with x = 0.8 indicates a maximum ZT value of 0.044
at 300 K, which is mainly because of the low p of the x = 0.8
sample.

B DISCUSSION

The oxide impurity, SnO,, in x = 0—0.6 samples is unexpected in
dry syntheses, although it has also been observed in the
literature.*” The presence of SnO, should to be ascribed to the
transition from unstable SnS. Tin monosulfide SnS undergoes a
second-order phase transition from Pnma structure (a-SnS) to
Cmcm structure (5-SnS) at 605 °C.*** In this study, the sample
in evacuated silica tube is quenched from 750 °C, which allows
the existence of #-SnS. The unstable 5-SnS containing Sn** may
undergo a transition to a more stable SnO, containing Sn**
during sample grinding in atmospheric air.

Stannite—kesterite single crystals quenched at 750 °C also
have anion defects.>® In addition, similar chemical composition
dependence of ratio of lattice parameter (c/2a) is observed in
both solid solutions. The disorder process of stannite—kuramite
solid solutions, however, differs so much from that of stannite—
kesterite. The Sn** of stannite—kuramite takes part in disorder
on the 4d and 2b sites in all samples, whereas that of stannite—
kesterite does not take part in cation exchange and remains on
the 2b site.>

The x = 1 sample has values of g, ¢, r, and Cu/Sn disorder
similar to those of tetragonal Cu,SnS;, which has a unit cell
formula Cu, g65(7)Sn 335(7)S4, although Cu,SnS; has shorter r of
2a site, 15,5 ~ 0.2307(1) nm.*°

Dimetal chalcogenide AgBiSe, exhibits fairly good thermo-
electric properties at high-temperature cubic phase containing
cation disorder.”*** Our results indicate that Cu-rich samples
with lower anistropy and cation disorder have maximam ZT
value, similar to the case of AgBiSe,. These findings strongly
suggest a promising strategy in thermoelectrics to focus on the
material with mixed occupation and/or antisite disorder.

Figure S4 shows the isotropic atomic displacement parameter
(Us,) versus x. Some Uy, on 2a site has unusually large value, for
instance, Uy, = 6.62(30) X 10™* and 7.21(30) X 10~* nm? for x =
0.2 and 0.4, respectively. As shown in Figure S5, the k at 300 K
versus x exhibits behavior similar to that of U, on 2a site. This
result suggests that the k is sensitive to thermal vibration of 2a
site, as well as crystal structure and chemical composition,
although large U, , generally suppresses the k.>' A slight increase
of k at 300 K of x = 0.8—1 comes from a decrease of p, degenerate
conduction.

The k value of all samples is much lower than that of sphalerite
(ZnS), 027 W em™ K% This can be mainly attributed to
phonon scattering by the highly distorted crystal structure, cation
disorder, and anion defects. The x = 0.8 sample has larger ZT
value (p = 4.9 mQ cm, $ = 100 4V K™, k = 0.014 W ecm™ K7},
and ZT = 0.044) than that of Cu,ZnggIny;oSnSe, (p = 3.4 mQ
cm, S=75uVK ! x=0.035Wem ™' K™}, and ZT = 0.014) at 300
K because of large S and low k.'% As shown in Figure 6, the ZT
values of all samples show an increase with T, indicating that a
higher ZT of these samples might be achieved at higher
temperatures.

Although Cu,,Fe,_,SnS,_, (x = 0.8—1) exhibits degenerate
conduction, the existence of anion defects and cation disorder
complicates the carrier doping mechanism. Furthermore, pure

9865

kuramite has been reported to crystallize in the cubic F43m space
ss :

group.”™ Our results suggest that a detailed structural and

electronic phase diagram of Cu,SnS,_, is essential for verifying

the structural and electronic properties of the Cu,—II-IV—VI,

group.

B CONCLUSIONS

The structural and thermoelectric properties of polycrystalline
Cu,,,Fe;_,SnS,_, (x = 0—1) have been elucidated. Sulfur defects
(v) are inevitable in Cu,,Fe;_,SnS,_, (x = 0.2—1). The amount
of y is estimated to be a maximum of ~10 mol % for x = 1.
Structural anisotropy decreases with x, which results in the ratio
of the lattice constants (c/2a) to be ~1 and the convergence of
bond length. The Cu/Sn disorder increases with x. The samples
with x = 0—0.7 have dp/dT < 0, and the activation energy (E,) is
calculated as 0.02—0.05 eV, whereas the samples with x = 0.8—1
exhibit degenerate conduction. The value of S still remains
relatively high despite degenerate conduction, S & 100 4 V/K for
x = 0.8 at 300 K. The « values of the solid solutions are in the
range 10°—107> W cm™" K ™', and ZT reaches 0.044 for x = 0.8
at 300 K, which is doubly larger than that of x = 0. These results
indicate that a higher ZT value could be achieved through the
optimization of the chemical composition.

B ASSOCIATED CONTENT

© Supporting Information

Table S1 shows chemical composition of the samples obtained
using EPMA analyses. Figure S1 shows anomalous scattering
factors versus wavelength of Cu and Fe. Figure S2 shows powder
XRD patterns of Cu,,,Fe;_.SnS,_, (x = 0.1-0.9) and the results
of the Rietveld analysis. Figure S3 shows SEM images of
Cu,,,Fe;_,SnS,_, (x = 0.1-0.9). Figure S4 shows the isotropic
atomic displacement parameter of Cu,,Fe,_,SnS,_,. Figure SS
shows thermal conductivity at 300 K for Cu,,,Fe,_,SnS, . This
material is available free of charge via the Internet at http://pubs.
acs.org.
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