Journal of

Materials Chemistry C

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

2013 | Pages 1-100

Journal of

Materials Chemistry C

d electronic devices

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cnzmsmv

ROYAL SOCIETY .
OF CHEMISTRY www.rsc.org/materialsC


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 21 Journal of Materials Chemistry C

Synthesis, Crystal Structure, and Transport Properties of
Quaternary Tetrahedral Chalcogenides

Yongkwan Dong *, Lukasz Wojtas®, Joshua Martin® and George S. Nolas**
“ Department of Physics, University of South Florida, Tampa, FL 33620, USA
b Department of Chemistry, University of South Florida, Tampa, FL 33620, USA

“Material Measurement Laboratry, National Institute of Standards and Technology,
Gaithersburg, MD 20899, USA

* E-mail: gnolas@usf.edu

Table of Contents Entry

The synthesis, crystal structure, and transport properties of quaternary tetrahedral chalcogenides
Cuy.1FepoSnSes, Cuy,FepsSnSey and Cuy 2Zng2Fep ¢SnSes were investigated. Cu,2FepgSnSey has
a ZT value of 0.45 at 750 K, the highest ZT thus far reported at this temperature for solid-solution

compositions in this material system.
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ABSTRACT

Quaternary chalcogenides with tetrahedral zinc-blend structure types continue to be of interest
for thermoelectrics applications. We report on the synthesis, crystal structure, and high
temperature transport properties of Cu, FepoSnSes, Cuy,FepsSnSes and Cu;,Zng,Fep¢SnSes.
The identity and compositions for each specimen were established using a combination of
Rietveld refinement and elemental analysis and indicate that all compositions are homogeneous
with the stannite crystal structure. Excess Cu reduces the electrical resistivity, p, by an order of
magnitude compared with Cu,FeSnSe, with no significant degradation of the Seebeck coefficient,
S. The energy band gaps were estimated from the high temperature S values and indicate that
Cu,.1FepoSnSey and Cuy Fep sSnSes possess narrow band gaps, 0.18 eV and 0.25 eV, respectively,
as compared to most other quaternary chalcogenides. The power factor (PF = S%/p) increases
with decreasing Fe content. Although Cu,,Fe;sSnSes possesses a smaller PF than that of

CuyoZng-FegSnSey, a ZT of 0.45 was obtained at 750 K for Cu,,FeysSnSe4 due to its low .
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INTRODUCTION

Thermoelectric devices are of interest for waste heat recovery and solid-state cooling
applications.1 The measure of thermoelectric materials is governed by their dimensionless figure-
of-merit ZT (= SZT/pK, where S is the Seebeck coefficient, 7 is the absolute temperature, p the
electrical resistivity, and x the thermal conductivity which is typically defined as the sum of the
lattice thermal conductivity, x;, and the electronic contribution, xg) in the temperature range of
interest. It is however challenging to optimize Z7 since these three parameters (S, p, and ) are
dependent on each other.'™ Recent research on the thermoelectric properties of existing or new
materials, and their synthesis and subsequent optimization, have focused on an understanding of
their structure—property relationships.

Tetrahedral quaternary chalcogenides, such as Cu,MSnQ4 (M = transition metals with a +2
oxidation state, and Q = S, Se, Te) made up of earth-abundant elements, continue to be of
interest due to their diversity of applications, including solar-cell absorbers,” photocatalysts for
solar water splitting,’ nonlinear optics,’ topological insulators,® magneto-optic and magneto-
ferroics,” and thermoelectrics.'® Certain quaternary chalcogenides, such as Cu,ZnSnSe,; and
Cu,CdSnSes,' have been studied as potential thermoelectric materials for power generation
applications due to their inherently low x induced by their structural features. These materials
possess relatively wide band gaps, which is not typical of thermoelectric materials, however
their transport properties can be varied by appropriate doping and/or variations in stoichiometry.
Nano-scale effects on the thermoelectric properties have also been investigated.'' Further
reduction of x is feasible by alloying where point defect scattering induced by local anisotropic

structural disorder leads to a reduction in KL.IO’“'N
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Certain quaternary chalcogenide compositions have been shown to exhibit relatively good ZT
values at high temperature. Nevertheless the p values are relatively high as compared with that of
state-of-the-art thermoelectric materials.” Herein we report on the synthesis, crystal structure, and
electrical and thermal transport properties of the modified quaternary chalcogenides
Cuy. 1 FepoSnSes, Cuy,rFegsSnSes and CujsZngoFepsSnSes. We investigated alloying of the
quaternary compositions while maintaining a higher than stoichiometric Cu content since excess

Cu has been shown to enhance the thermoelectric properties of these materials.'®!”

EXPERIMENTAL

Synthesis. Polycrystalline bulk specimens were prepared by the direct reaction of the
constituent elements. Cu powder (99.9 %, Alfa Aesar), Fe powder (99.998 %, Alfa Aesar), Zn
shot (99.9999 %, Alfa Aesar), Sn powder (99.999 %, Alfa Aesar), and Se powder (99.999 %,
Alfa Aesar) were loaded into silica ampoules in stoichiometric ratios CuyFe;.xSnSe4 (wWhere x =
0.1 and 0.2) and Cuz.zzno.zFeo_6SnSe4.21 The reaction ampoules were sealed in quartz tubes under
vacuum, heated to 1023 K and subsequently held at this temperature for 5 d. The furnace was
turned off and the reaction tubes were quenched to room temperature in air. The products were
ground into fine powders and sieved (= 325 mesh) inside a glovebox before being loaded into
graphite dies for hot pressing. Densification was accomplished by hot pressing at 873 K and 150
MPa for 3 hr under N, flow. The density of the hot-pressed pellets was determined by
measurement of their dimensions and weight after polishing the surfaces of the pellets. These
measurements indicated that high density polycrystalline specimens (> 95 % of theoretical

density) were obtained.
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Physical Characterization. Powder X-ray diffraction (PXRD) and energy-dispersive X-ray
spectroscopy (EDS) were used to examine the purity and chemical composition of the specimens.
PXRD data were collected with a Bruker D8 Advance diffractometer with DAVINCI
design equipped with a Lynxeye detector using Cu K, radiation and examined by the Rietveld
method using a TOPAS 4.2.%2 EDS of the hot-pressed pellets was accomplished with an Oxford
INCA X-Sight 7582M equipped scanning electron microscope (SEM, JEOL JSM-6390LV). The
average atomic ratios were calculated from at least twelve data sets obtained from random
positions of the hot pressed pellet for each specimen. Optical diffuse reflectance measurements
were performed at room temperature using a JASCO V-670 UV-Vis double beam
Spectrophotometer equipped with a 60 mm diameter integrating sphere. A fine powder for each
specimen was prepared by grinding the polycrystalline specimen that was then compacted
between two quartz slides. Reflectance data were collected in the wavelength range of 200 ~
2700 nm.

High temperature S and p were measured on parallelepipeds (2mm x 2mm x 10mm), cut from
the hot pressed pellets, with a custom-designed and constructed apparatus at NIST (2o expanded
uncertainty of 1.5 %, and 1.2 % for S and p, respectively).” High temperature x values were
determined using the equation ¥ = D-a-C, where D is the measured density from geometry, a is
the measured thermal diffusivity, and C, is the specific heat. Thermal diffusivity measurements
employed the laser flash method in a flowing He environment with a NETZSCH LFA 457
system. The uncertainty in the thermal diffusivity measurements were = 5 %. Heat capacity C,
(= C,) was estimated with the Dulong-Petit limit (C, = 3nR, where n is the number of atoms per
formula unit and R is the ideal gas constant). At high temperature this may sometimes result in

an underestimation of C,, thus affecting x, however it is a relatively good method for comparing
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the effect of doping and compositional changes since it eliminates the uncertainties associated
with C, measurements.”* The S and p measurements were performed perpendicular to the
pressing axis, whereas the laser flash diffusivity measurements were carried out on the entire

pellet parallel to the pressing axis.

RESULTS AND DISCUSSION
PXRD results revealed all specimens to be single phase with the tetragonal crystal structure
with no change before and after hot pressing. All reflections for all three compositions can be

indexed to Cu,FeSnSes> with no secondary phases. The initial positional parameters for all the

atoms in the structure were from data on Cu,FeSnSes. The space group / 4 2m (#121) was
applied to refine the crystal structure. The excess Cu or Zn substitution are located at the
crystallographic 2a site along with Fe. Site occupancy refinements of each atom for each
composition were carried out to check for any structural disorder. For all compositions each
crystallographic site is fully occupied. The atomic coordinates and displacement parameters were
refined and the final values obtained were with full least-square refinements. The observed and
calculated PXRD patterns and the difference profiles for each specimen are given in Figure 1.
Detailed refinement results are shown in Table 1. Figure 1(d) shows the crystal structure of
Cu,,FepsSnSey based on our refinement results as representative of all three specimens. The
crystal structure is composed of two different metal-selenium, [Cu,Se;] and [MSnSe;] (M =

Cu/Fe or Cu/Zn/Fe), layers with an alternative stacking along the crystallographic ¢ axis. Each

[MSnSe,] layer is translated relative to each other by 4 symmetry along the crystallographic a

axis in between [Cu,Se;] layers. All metal atoms are surrounded by four Se atoms in a

6
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tetrahedral geometry and Se atom is also tetrahedrally bounded by four metal atoms (two Cul,
one M (Cu/Fe or Cu/Zn/Fe), and one Sn). Metal-Se bond distances range from 2.422 (1) A to
2.441 (1) A for Cul, 2.402 (2) A to 2.433 (2) A for M, and 2.557 (2) A to 2.560 (2) A for Sn and

average angles are very close to the ideal tetrahedral angle.ls'”’25

Figure 2 shows SEM images
and EDS elemental mapping images of hot pressed Cu,,FeosSnSes as representative of our
analyses. Figure 2(a) and 2(b) indicate no texturing in the specimen and EDS analyses revealed
that each element was uniformly distributed. The compositions obtained from our refinements
are consistent with those obtained from elemental analyses.

Figures 3(a) and 3(b) show temperature dependent p and S values, respectively, for all
compositions. The p values for all compositions are an order of magnitude lower as compared
with that of other stoichiometric compounds.lo’“’m’17 While p of Cu;.1FepoSnSes increases with
increasing temperature, p of Cuy,FepsSnSes and CuyZngFepsSnSes decreases with increasing
temperature. The S values of Cu,FeypoSnSes and Cu,,FepgSnSes increase with increasing
temperature and reach a maximum at 690 K and 440 K, respectively, corresponding to a change
of the slope in p. This is presumably due to a phase transition'' as well as thermal excitation of

minority carriers. For Cu,Zng,Fey¢SnSes S increases steadily with increasing temperature. Our

results indicate that p can be tuned without significant reduction in S by incorporating excess Cu.

UV / Vis diffuse reflectance spectroscopy measurements were performed for all three
specimens however the spectra did not show any edge over the entire measurement range (2700
nm to 200 nm; 0.46 eV to 6.22e¢V). This indicates that these compounds possess band gaps
below 0.46 eV. We therefore estimated the band gap of these compounds from the temperature

dependent S data. The energy gap, E,, can be estimated from the equation Spax = Eg / 2€Tmax
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where e is the elementary charge and Tj,.x is the absolute temperature at the highest S value,
Smax-~. Employing this formulation, E, values of 0.25 eV for Cu,.;Fep9SnSe, and 0.18 eV for
Cuy,FepsSnSes are obtained, respectively. This result indicates that band gap tuning may be
possible by changing the Cu content without significant degradation of S, and may indicate

another potential optimization route for these materials.

The temperature dependence of the high temperature x and estimated x; values are shown in
Figure 4 (a) and (b), respectively. Both x and x; decrease gradually with increasing temperature.
The x; values (Figure 4(b)) were estimated using x; = x - k¢ and the Wiedemann-Franz relation
where x; = LyoT, and o is the electrical conductivity, o= 1/p. Kim et al.*” proposed the equation
L= 1.5+ exp(-|S|/116), where L is in 10® V¥K?* and S is in uV/K, to estimate the Lorenz number
for the single parabolic band and acoustic phonon scattering approximations. Using this equation
and data from Figure 3(a) and 3(b) we estimated g, nevertheless x; is the dominant contribution
at room temperature (= 97 % of k) and at the highest temperature of our measurements (= 75 %
of k). The temperature dependence of «; is proportional to T over the entire measurement range
thus the contribution to x by bipolar diffusion, xg, can be estimated from the data at elevated
temperatures (see inset in Figure 4(b)). Here x3 is the difference between the fit line and «; at the
highest measured temperatures. At 750 K the portion of xg is about 9 % of x for Cu,.1FepoSnSes
and Cuy,Fe(sSnSes, while it is 5 % for CuyZngsFepsSnSey. It is likely that xg increases with
increasing temperature due to excitation of minority carrier. This also agrees with the S data

which shows a peak, or deviation, in slope at higher temperatures.

The calculated ZT and the power factor (PF = S?/ p) values using the data in Figures 3 and 4

for all compositions are shown in Figure 5. The PF values increase with increasing temperature

8
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and decreasing Fe content. The highest PF is 6.3 pW / cm K for Cuy,Zng,FegSnSey, and is
comparable with that of Cu,xZn;GeSe4 solid solutions.!! For all compositions, the ZT values
increase rapidly with increasing temperature. The highest ZT value (0.45) was obtained at 750 K
for Cuy,FepsSnSes due to a low x, although the PF values are lower than that of
Cuy2Zng,FepsSnSes which also has a relatively high ZT due to low p values. These results

represent another avenue for thermoelectric properties enhancements in these materials.

CONCLUSION

Polycrystalline Cu excess modified zinc-blend tetrahedral quaternary chalcogenides,
Cuy.1FepoSnSes, CuysFepsSnSes and Cuy2Zng,Fep¢SnSes were synthesized and their structural
and high temperature transport properties were investigated. Rietveld refinement and elemental
analyses confirm the composition of each specimen to be close to that of their nominal
compositions while all compositions are homogeneous without any secondary phases. The
estimated band gaps, from high temperature S values, indicate that all specimens possess
relatively narrow band gaps, between 0.18 eV and 0.25 eV, as compared to most other similar
compositions. The PF increases with increasing substitution on the Fe site. A ZT value of 0.45
was obtained at 750 K for Cu,,FeosSnSes, the specimen with high S and low «, and is higher

than that of Cu,Zng4Feo¢SnSes (= 0.4 at 750 K)'° and Cu,Zng ;FegoGeSes (= 0.2 at 650 K).'
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Table 1. Lattice parameters, Se atomic coordinates, selected bond distances (A) and angles
(deg) for CU2.1F60.9SHSC4, Cuz.zFeo_gSnSez;, and Cuz.zzno.zFe0.6SnSe4.

Composition Cu, FeoSnSey Cu,,Fe(gSnSey Cu,»7Zng,Fe)¢SnSey
EDS Cuz.10(7)Feo‘x4(3)sno.94(2)s‘33‘95(8) Cuz.20(4)Feo‘75(2)sn0.95(2)S‘33‘94(5) Cu2.20(4)zn0‘22(2)Feo.55(3)5110‘91(2)Se4.05(4)
Space group, Z 142m (#121), 2

a, A 5.6898 (1) 5.6927 (1) 5.6825 (1)

c, A 11.3197 (1) 11.2981 (1) 11.3238 (1)

v, A’ 366.46 (1) 366.14 (1) 365.65 (1)
Radiation Cu Ko (1.54056 A)

Deate., glem® 5.60 5.61 5.67

GOF 2.00 1.61 1.55

Se, x and z 0.2397 (2), 0.1298 (3) 0.2381 (2), 0.1281 (2) 0.2401 (2), 0.1308 (2)
Cul-Se 2.430 (2) 2.441 (1) 2.422 (1)

M-Se ¥ 2.425 (2) 2.402 (2) 2.433 (2)
Sn-Se 2.558 (2) 2.557(2) 2.560 (2)
Se-Cul-Se 108.3 (1), 111.9 (1) 108.6 (1), 111.3 (1) 108.1 (1), 112.2 (1)
Se-M-Se 105.4 (1), 111.5 (1) 105.9 (1), 111.3 (1) 105.0 (1), 111.8 (1)
Se-Sn-Se 109.3 (1), 109.9 (1) 108.7 (1), 111.1 (1) 109.3 (1), 109.6 (1)

9 M is Cu2/Fe or Cu2/Zn/Fe.
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Figure Captions

Figure 1. Powder XRD data for (a) Cu2,1Feo.9SnS€4, (b) CUQ.QFeo.gSnSG@ (C) Cu2,22n0.2F60,6SHS€4
including profile fit (black cross mark), profile difference (red line), and profile residuals (blue
line) from Rietveld refinement, and (d) crystal structure composed of two [Cu,Se;] and
[MSnSe,] layers. Red circle is Cu (4d; 0, 0.5, 0.25), purple circle is M (mixed 2a; 0, 0, 0), gray
circle is Sn (2b; 0, 0, 0.5), and yellow circle is Se (8i; x, X, z).

Figure 2. (a) SEM image of a cross section, (b) magnified SEM image of the area represented by
a red square in (a), and (c) EDX elemental mapping images of SEM image (a) for hot-pressed
CUQ.QFeo.gSHSGM.

Figure 3. Temperature dependent (a) p and (b) S data for Cu, Fep9SnSes (0), Cuy,FeysSnSey
(IZI), and Cu2.22n0_2F60_6Snse4 (A)

Figure 4. Temperature dependent (a) x and (b) x; for Cu, FeyoSnSes, Cuy,FepsSnSes, and Cu
227ng-,FepSnSes. The solid line in the inset shows the T dependence of x; for
Cuz2Zng,Fep ¢SnSes. The symbols corresponding to each specimen are as defined in Figure 3.

Figure 5. ZT and PF (inset) as a function of temperature for Cu; FegoSnSes, CuysFepsSnSes,

and Cu ;,7ZngFey¢SnSes. The symbols corresponding to each specimen are as defined in Figure
3.
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