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ABSTRACT: Knowledge of structure—property relationships
is a key feature of materials design. The control of thermal
transport has proven to be crucial for the optimization of
thermoelectric materials. We report the synthesis, chemical
characterization, thermoelectric transport properties, and
thermal transport calculations of the complete solid solution
series Cu,ZnGeSe,_,S, (x = 0—4). Throughout the sub-
stitution series a continuous Vegard-like behavior of the lattice
parameters, bond distances, optical band gap energies, and
sound velocities are found, which enables the tuning of these
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properties adjusting the initial composition. Refinements of the special chalcogen positions revealed a change in bonding angles,
resulting in crystallographic strain possibly affecting transport properties. Thermal transport measurements showed a reduction in
the room-temperature thermal conductivity of 42% triggered by the introduced disorder. Thermal transport calculations of mass
and strain contrast revealed that 34% of the reduction in thermal conductivity is due to the mass contrast only and 8% is due to

crystallographic strain.

Bl INTRODUCTION

Thermoelectric materials, which convert a temperature differ-
ence into a voltage,' have proven to be reliable generators of
electricity in unmanned space probes” and show promise as
harvesters of waste heat and as solid-state refrigerators on
earth.’ However, the efficiency of thermoelectric materials must
be increased to make them competitive with traditional vapor-
compression systems. The efficiency of a thermoelectric
material is determined by its dimensionless figure of merit zT
= ST/pk, where S is the Seebeck coefficient, T is the absolute
temperature, p is the resistivity, and x is the thermal
conductivity, which is the sum of a lattice k. and an
electronic contribution «,.* Following the “phonon-glass,
electron crystal” concept introduced by Slack,® ways of
increasing zT include increasing the so-called power factor
$*/p and decreasing the phonon thermal conductivity.
Methods for increasing the power factor include optimization
of the carrier concentration,’® the convergence of electronic
bands,” and the introduction of “resonant” states near the
Fermi level.® Some techniques for reducing Ky are
nanostructuring’ and alloy scattering in solid solutions.'® The
challenge in increasing the efficiency of thermoelectric materials
is the inability to optimize the thermoelectric transport
properties independently. Adamantine-like structures,"’ a
large class of wide band gap semiconductors, have been
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intensively studied for photovoltaic'>™"* and magnetic'®

applications and have recently been in the focus of thermo-
electric research. Because of their high tolerance toward
structural variation, several adamantine materials have been
synthesized and the effects of cation substitution on the
structure'® and thermoelectric properties have been inves-
tigated.'” >’ Solution-based syntheses of quaternary chalcoge-
nide nanoparticles”® " enabled the thermoelectric investiga-
tion of nanoscaled chalcogenides.’*~** However, the possibility
of anion substitution to optimize thermoelectric properties has
been overlooked so far. It is clear that while atomic substitution
can reduce the thermal conductivity (enhanced phonon
scattering), it is important to understand its effects on other
thermoelectric properties. To this end, we investigated the
chemical and thermoelectric changes brought about by
replacing Se with S in the model system Cu,ZnGeSe,_,S..

B EXPERIMENTAL SECTION

Synthesis. Bulk samples of polycrystalline Cu,ZnGeSe,_,S, with
compositions of x = 0—4 were prepared by solid-state reactions using
elemental powders of Cu (Alfa Aesar, 99.999%), Zn (Sigma-Aldrich,
99.995%), Ge (Chempur, 99.99%), Se (Alfa Aesar, 99.999%), and S
pieces (Alfa Aesar, 99.999%). The phase purity of all starting materials
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was verified by X-ray diffraction, and all synthetic procedures were
carried out under controlled atmosphere in a N, drybox. S was
carefully resublimed twice under dynamic vacuum to ensure dry and
phase-pure conditions. Annealing was performed in evacuated quartz
ampules, which were preheated at 1073 K under dynamic vacuum for
5 h to ensure dry conditions. The absence of water was found to be
crucial to obtain phase pure reaction products, since the presence of
water resulted in the formation of the respective hydrogen
chalcogenide, which is able to act as an unwanted transport agent.

The starting elements were thoroughly ground, sealed in quartz
ampules, and annealed in a first step at 923 K for 48 h (x = 0) and 96 h
for x > 1, respectively. In a following second step, the harvested
powders were ground again, resealed, and reannealed for 96 h at 1073
and 973 K, respectively. Heating and cooling rates for all procedures in
the horizontal tube furnaces were S K/min. The different synthetic
temperatures are due to a structural phase transformation at 1063 K,
which occurs in the sulfur-containing members of this series.*® It was
found that the second annealing step was necessary to prevent the
formation of the binary and ternary compositions. The quartz ampules
were 10—12 cm in length and 11 mm inner diameter with a maximum
amount of 1.5 g of starting materials within the ampule. This ampule
geometry was found to prevent a significant loss of selenium at higher
temperatures, indicated by red selenium precipitation present in longer
ampules. The obtained powders were hand ground, and the phase
purity was verified via standard X-ray diffraction prior to consolidation.
Because of the good crystallinity of the binary and ternary side
products, impurity levels as low as 0.25% could be detected via
quantitative Rietveld refinements. Impure samples were discarded. To
ensure sample homogeneity and reproducibility of all measurements,
multiple samples of each compound were synthesized and merged to
large batches after the phase purity was confirmed by powder X-ray
diffraction and Rietveld refinement. Clean batches of powders were
used for consolidation into 1—1.5 mm thickness, 12 mm diameter
disks at 873 K for Sh (x =0), 1073 K for 6 h (x = 1), and 973 K for 6
h (x > 2) under a pressure of 40 MPa by induction hot pressing in
high-density graphite dies.*® The resulting samples have more than
95% theoretical density, determined from the mass and geometry of
the consolidated disks.

Measurements. X-ray diffraction experiments were performed on
a Siemens DS000 powder diffractometer equipped with a Braun MS0
position-sensitive detector, Ge (220) monochromator, and Cu Ka;,
radiation, with a step size of 0.0078°. Rietveld refinements were
performed with TOPAS Academic V4.125% applying the fundamental
parameter approach using the crystallographic data from Schifer and
Nitsche as a structure model.>® Optical reflectance spectra of the fine
powdered samples were measured at room temperature on a Varian
Cary 5000 UV/vis/near-IR spectrometer equipped with an integrating
Ulbricht Sphere and BaSO, as standard. Optical band gap energies
were calculated applying the Kubelka—Munk approximation.®
Thermal diffusivity was measured using a Netzsch laser flash diffusivity
instrument (LFA 457). Prior to thermal diffusivity measurements,
samples were spray-coated with a thin layer of graphite to minimize
errors in the emissivity and measured under a flowing Ar atmosphere.
The data were analyzed using a Cowan model with pulse correction.
Heat capacity (C,) was estimated using the Dulong—Petit
approximation (CP = 3kg per atom), and theoretical densities were
calculated from the molar mass and the refined lattice parameters for
each composition. The Seebeck coefficient was calculated from the
slope of the voltage vs temperature gradient measurements from
chromel-Nb thermocouples under dynamic vacuum.** Electrical
resistivity was measured using the van der Pauw technique and
pressure-assisted contacts under dynamic vacuum.*' The high
resistivity values of some samples resulted in high contact resistances
in the van der Pauw measurement system, leading to partially
untrustworthy data at lower temperatures. Therefore, data points with
large contact resistances and high van der Pauw ratios were discarded.
All measurements were performed on multiple samples for each
composition. Heating and cooling data are shown in the graphs below.
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B RESULTS AND DISCUSSION

The chemical and 2physical properties of Cu,ZnGeSe, were
reported previously.*®

Chemical Characterization. Impurity scattering of pho-
nons on grain boundaries is known to strongly influence the
thermal conductivity of a thermoelectric material. Therefore,
much effort was spent to obtain pure materials with no side
phases. All samples were checked for phase purity prior to any
measurement. Respective powder X-ray diffraction data of the
solid solution series are shown in Figure 1. All reflections can
be indexed to the solid solution series limited by the quaternary
chalcogenides Cu,ZnGeS, or Cu,ZnGeSe,, and no secondary
phases were observed.
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Figure 1. Normalized powder X-ray data of the complete solid
solution series Cu,ZnGeSe,_,S, with x = 0—4 (plots are shifted in
intensities for better visibility). The inset shows the refined lattice
parameters (LP) a and ¢/2 in A. Corresponding to Vegard’s law, a
linear trend of lattice parameters can be seen.

Rietveld refinements of the lattice parameters show an
isotropic increase of the a and ¢ axes with increasing selenium
content in accordance with Vegard’s law (Figure 1, inset).*
The strict trend in lattice parameters and constant c¢/a ratio
corroborates a homogeneous chalcogen distribution within
each sample and the successful substitution of selenium by
sulfur in Cu,ZnGeSe,_,S,, consistent with the work of Wold et
al.*> Refined X-ray data before hot pressing and data obtained
from consolidated samples show no significant contribution of
texture in these materials. Therefore, we believe that disks of
this polycrystalline material are suitable for thermoelectric
characterization. Figure 2 shows an example of Rietveld refined
powder diffraction data, including profile fit, profile difference,
and profile. Refined lattice parameters, c/a ratio, cell volume,
and weighted profile R factors of all refinements can be found
in Table 1.

Refinements of the nonspecial chalcogen position (Wyckoff
position 8i; Figure 3) show a constant increase of the x and y
coordinates with increasing selenium content. The z coordinate
of the chalcogen position, however, does not change over the
solid solution series. In other words, the average chalcogen
position is shifting with increasing selenium content toward the
center of the unit cell (Figure 3, inset), which results in a partial
change in the tetrahedral metal—chalcogen—metal bond angles
(Figure 4).
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Figure 2. Exemplary powder diffraction data for the Cu,ZnGeS,
sample (black solid line), including profile fit (red dotted line), and
profile difference (red solid line) from the corresponding Rietveld
refinement.

Table 1. Refined Lattice Parameters, c/a Ratio, Cell Volume,
and Respective R,,, Values

x a (A) ¢ (A) c/a v (A%) R, (%)
0  5.34808(2) 10.52225(7) 1.967  300.95697(8) 0.064
1 540804(2)  10.63897(6) 1967  311.156856(7)  0.061
2 548101(3)  10.78398(7) 1967  323.966618(8)  0.064
3 5.54397(3)  1091399(7) 1968  335.448068(8)  0.066
4 561333(2)  11.04886(5)  1.968  348.143763(6)  0.066
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Figure 3. Refined atomic coordinates of the chalcogen position
(Wyckoff position 8i). With increasing selenium content the chalcogen
position shifts toward the center of the unit cell. The inset shows a
projection of the unit cell in the ¢ direction; the arrows indicate the
shift of the split chalcogen position (yellow and red) with increasing
selenium content.

Metal—chalcogen bond distances increase linearly with
increasing selenium content (see the Supporting Information).
Bond angles between metals with different z coordinates are
either increasing (Cu—X—Zn = 106.93° on average) or
decreasing (Ge—X—Cu = 111.12° on average) with increasing
selenium content. Angles between metals with the same z
coordinate (Cu—X—Cu =109.8° and Ge—X—Zn = 110.47° with
X = chalcogen), however, are independent of the selenium
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Figure 4. Metal—chalcogenide—metal bond angles in comparison to
the ideal tetrahedral angle. Bond angles between metals with different
z coordinates (Ge—X—Cu and Cu—X—Zn) change with composition,
while angles between metals on the same z coordinate (Ge—X—Zn
and Cu—X—Cu) are independent of the composition.

content. Although the maximum change in bond angles is
rather small (approximately 1°), it seems reasonable that some
amount of crystallographic strain will arise due to the deviation
from the ideal tetrahedral angle, which may affect the thermal
transport properties (vide infra).

Combined TGA/DSC analysis shows the presence of a
subtle exothermic event, as reported previously for
Cu,ZnGeSe,.”® However, the presence of an exothermic signal
throughout the complete solid solution series indicates the
occurrence of a phase transition, which has been unobserved so
far.”* Interestingly, the phase transition temperature is
tunable by the sulfur content and shifts to higher temperatures
with increasing sulfur content. Significant weight loss under
flowing argon does not occur up to 973 or 1123 K for
selenium-rich or sulfur-rich samples, respectively. However, due
to significant selenium evaporation under dynamic vacuum at
temperatures above 723 K, thermoelectric transport measure-
ments were conducted to a maximum temperature of 673 K to
ensure the thermal stability of the samples.

The optical band gap was calculated from the measured
diffuse reflectance spectra R using the Kubelka—Munk
approximation. Figure S shows the absorption spectra plotted
as (ahv)® against photon energy. The estimated band gap
energies (Figure S, inset) range from 2.0 to 14 eV for
Cu,ZnGeS, and Cu,ZnGeSe,, respectively.

The tunability of band gap energies by anion substitution has
been intensely investigated for photovoltaic applications in
several of these wide band gap materials**~* and can easily be
explained by the respective anionic radii. Because of a decrease
in anion radius by substitution with sulfur, the orbital overlap is
reduced; hence, the dispersion of the bands decreases and the
band gap grows energetically with respect to Se-rich samples.

Electronic Transport Properties. The temperature-
dependent electrical resistivity of the solid solution series
Cu,ZnGeSe,_,S, is shown in Figure 6. As expected for
undoped, semiconducting, wide band gap materials, the
resistivity is rather large and decreases with increasing
temperature. We want to stress that all samples are valence
precise samples; hence, low charge carrier concentrations are
expected, which consequently results in a high resistivity.
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Figure S. Kubelka—Munk plot from the absorption spectra of the solid
solution series Cu,ZnGeSe,_,S, with x = 0—4. The inset shows the
corresponding extrapolated band gap energies ranging from 2.0 to 1.4
eV.
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Figure 6. Temperature dependence of the electrical resistivity p of the
complete solid solution series Cu,ZnGeSe,_ S, with x = 0—4,
illustrating the trend of higher resistivity with decreasing content of
selenium.

Previous work showed that a 10-fold decrease of the resistivity
by cation doping is possible.”® Usually, no great change of the
electronic band structure is expected by anion substitution.
However, the smaller size of the sulfide anions with respect to
the selenide anions leads to a lower degree of covalency and
therefore to a higher band effective mass and lower carrier
mobility. As a result, the electrical resistivity scales with the
sulfur content. The only exception to this trend is the sample
with composition Cu,ZnGeS,Se,, which shows higher
resistivity values above 540 K in comparison to those for
Cu,ZnGeS;Se. However, previous work showed that control
over the carrier concentrations in this kind of material is
difficult to achieve due to the inability to control the amount of
anion defects.’® Therefore, extrinsic carriers from intrinsic
defects may be the reason for this effect. To obtain lower
resistivity values in the undoped quaternary copper chalcoge-
nide Cu,ZnGeSe,, Selenium could be substituted with
tellurium. In addition to the chalcogenide composition, the
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phase transformation has a significant effect on the electrical
resistivity as well. Around the phase transition temperature all
samples show a change in the temperature dependence of the
resistivity (kink or change in slope). At temperatures below the
phase transition temperature the slope of the resistivity—
temperature plot is rather steep, as expected from undoped
semiconductors. At temperatures higher than the transition
temperature a constant or slightly increasing electrical resistivity
can be observed, which suggests the existence of a metal to
insulator transition, as has been observed for Cu,ZnGeSe,.>
The temperature dependence of the Seebeck coeflicient is
shown in Figure 7. The Seebeck coefficient ranges from 300 to

3 ,
Saqd TS e e
i CuZnGeSe Sy
(%)

L 0 i
200~ A x=1 .
L o x=2 1
100 O ox=3
L | L 1 1 1 1 1 1 1 1 oI X|=4 | 1
350 400 450 500 550 600 650

T [K]

Figure 7. Temperature dependence of the Seebeck coefficient S of the
complete solid solution series Cu,ZnGeSe,_,S, with x = 0—4. Data
points are shown with a line as a guide to the eye.

500 uV/K, and the positive value of the Seebeck coeficient
indicates holes as majority charge carriers. Because of the large
band gaps and the absence of doped states close to the band
edges, no thermal excitation of charge carriers over the band
gap and, hence, no contribution of bipolar conduction is to be
expected. Therefore, the temperature dependence of the
Seebeck coefficient should be constant, which is in good
agreement of the measured high-temperature data.

The low-temperature trend of these intrinsic Seebeck
compounds suggests that there may be characteristics of
extrinsic semiconductor behavior below room temperature,
even though the resistivity appears to be of intrinsic
semiconductor type. These results indicate that a single
parabolic band model is not applicable in these materials, and
a more involved model would have to be elaborated to explain
the trend in the Seebeck data, which is beyond the scope of this
work.

Thermal Transport Properties. The temperature-depend-
ent thermal conductivity of the solid solution series
Cu,ZnGeSe,_,S, is shown in Figure 8. Every sample exhibits
an overall 1/T dependence of the thermal conductivity, which
indicates Umklapp processes to be responsible for the majority
of phonon scattering.”’ However, at the temperature of the
aforementioned phase transition a drop in the thermal
conductivity can be seen. Usually, the thermal conductivity
can be interpreted as the sum of the electronic contribution
and the lattice contribution K. whereas the electronic
contribution is calculated by the Wiedemann—Franz law.
Because of the high resistivity, the calculated electronic

dx.doi.org/10.1021/ja410753k | J. Am. Chem. Soc. 2014, 136, 442—448
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Figure 8. Temperature dependence of the total thermal conductivity x
of the complete solid solution series Cu,ZnGeSe,_,S, with x = 0—4.
Because of the low electrical conductivity the lattice thermal
conductivity equals the total thermal conductivity.

contributions to the thermal conductivity are close to 0 over the
whole temperature range and the measured total thermal
conductivity can be seen as the lattice thermal conductivity.

Therefore, we believe that the chosen system is suitable to
study the effect of anion substitution on the reduction of Kjyjce-
To avoid the influence of the phase transition, the lattice
thermal conductivity was modeled at room temperature, which
is considerably below the phase transition temperatures (see
Figure 9).
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Figure 9. Room-temperature lattice thermal conductivity and modeled
lattice thermal conductivities of the complete solid solution series
Cu,ZnGeSe,_,S, with x = 0—4 (gray dashed line, mass contrast only
[e = 0]; red dashed line, mass and strain contrast [&¢ = 36]) plotted
against the molar fraction of selenium.

Cu,ZnGeSe, exhibits overall lower thermal conductivity than
Cu,ZnGeS,, which can be attributed to the larger atomic mass
and the softer bonding character of the heavier homologue.>*
However, these are not the only parameters defining the
thermal conductivity. In addition to the average anion molar
mass, substitution leads to disorder, creating mass contrast and
possibly strain contrast in the anion lattice, which both are
known to act as point scattering sites for phonons.'® Taking
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this into account, it can be seen that the lattice thermal
conductivity decreases with increasing disorder on the anion
site. The lowest lattice thermal conductivity, therefore, is found
in the compound Cu,ZnGeS,Se,. At room temperature a total
reduction of 42% is obtained for K.

Thermal Transport Modeling. To be able to differentiate
between the influence of the mass contrast and the strain
contrast in the disordered crystal, we calculated ki, using the
Callaway model.'>**>* Assuming Umklapp and point defect
scattering to be the main scattering mechanisms (T > @p), the
ratio of the modeled lattice thermal conductivity of a disordered
crystal, K208, and the lattice thermal conductivity of the pure

crystal without disorder, k.., is

mod -1 2

Klattice _ tan (u) 2 _ 77" ®DQ pure r
pure u = L 2 lattice
lattice u Vm

where u, Q, h, v, and I are the disorder scaling parameter, the
average volume per atom, the Planck constant, the average
sound velocity, and the disorder scattering parameter,
respectively. The disorder scattering parameter I' can be
written as

2 2
=01 —z)[(A—M) + e(ﬁ) ]
M a

where y, AM/M, ¢, and Aa/a are the molar fraction of
selenium, the relative change of atomic mass due to the
replacement of selenium by sulfur, the fitting parameter
representing the elastic properties of the quaternary chalcoge-
nide, and the local change in lattice parameters resulting from
the substitution (pseudocubic approximation @ = V'/3). The
disorder scattering parameter indicates the mass and strain
contrast as major contributions for point defect scattering. To
calculate &M%, the measured thermal conductivities of
Cu,ZnGeS, and Cu,ZnGeSe, were used as kfy.., respectively,
and the weighted average of both calculations was used for
kmed . Furthermore, speed of sound measurements were
conducted on the complete solid solution series (Figure 10)
to obtain the average speed of sound v, and the Debye
temperature ®p. A linear trend was assumed, to interpolate the
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Figure 10. Measured longitudinal, transversal, and calculated mean
sound velocity of the complete solid solution series Cu,ZnGeSe,_,S,
with ¥ = 0—4 with the interpolated fit for thermal conductivity
calculations.
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average sound velocities and Debye temperatures of
intermediate compositions, which is in good agreement with
the speed of sound measurements conducted on samples with
intermittent compositions. The calculated Debye temperatures
range from 340 to 260 K for Cu,ZnGeS, and Cu,ZnGeSe,,
respectively.

The measured room-temperature thermal conductivity data
compared to the modeled thermal conductivities calculated
with the contribution of mass fluctuation only (gray dashed
line) and with the contribution of mass and strain contrast (red
dashed line) can be seen in Figure 9. The best fit (¢ = 36) was
obtained with the implementation of mass and strain contrast,
which is in good agreement with the value of approximately 40
found by Steigmeier and Abeles for germanium—silicon
alloys.>® The calculated thermal conductivities taking only
mass contrast into account show a reduction in thermal
conductivity of 34%. Considering a total reduction in thermal
conductivity of 42%, the further reduction of 8% can be
attributed to strain contrast. The good agreement of the fit with
the measured data indicates that the reduction of the lattice
thermal conductivity within the anion substitution series can
easily be calculated using only refined lattice parameters, sound
velocities, and thermal conductivity data from the boundary
phases, which underlines the power of this modeling approach
to predict a possible reduction of K,y in similar systems.

B CONCLUSION

Inspired by the thermoelectric properties of other quaternary
chalcogenides, we have synthesized the anion substitution series
Cu,ZnGeSe,_,S, as a model system for isovalent anion
substitutions. Throughout the series a Vegard-like behavior of
lattice parameters was shown, which is reflected in a linear
trend of bond distances, band gap energy, and speed of sound
values. The presence of a phase transformation was confirmed
and shown to have a significant effect on the transport
properties. Additionally, control over the phase transition
temperature by anion substitution could be achieved.
Furthermore, a detailed investigation of the room temperature
thermal conductivity by isovalent anion substitution revealed a
reduction of the lattice thermal conductivity of 42%. Thermal
conductivity calculations revealed mass contrast (reduction of
34%) to have a greater influence than strain contrast (reduction
of 8%). Finally, due to the successful use of the Callaway model
to calculate the lattice thermal conductivity, a powerful tool to
predict the lattice contribution to the thermal conductivity in
similar substitution series was demonstrated, making it a great
way to predict the increase of the figure of merit zT of a
thermoelectric compound due to reduced thermal conductivity.

B ASSOCIATED CONTENT

© Supporting Information

Figure S1, giving refined metal—chalcogen bond distances of
the solid solution series Cu,ZnGeSe,_ S, with x = 1—4,
showing a linear trend of increasing bond distances with
increasing molar fraction of selenium. This material is available
free of charge via the Internet at http://pubs.acs.org.
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