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ABSTRACT: Engineering nanostructure in bulk thermo-
electric materials has recently been established as an effective
approach to scatter phonons, reducing the phonon mean free
path, without simultaneously decreasing the electron mean free
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path for an improvement of the performance of thermoelectric il oo
materials. Herein the synthesis, phase stability, and thermo- SR n A S
electric properties of the solid solutions Cu,,,Zn,_,GeSe, (x = 0;;‘3”"“"”“@ 3 "

0-0.1) are reported. The substitution of Zn** with Cu*
introduces holes as charge carriers in the system and results
in an enhancement of the thermoelectric efficiency. Nano-sized impurities formed via phase segregation at higher dopant
contents have been identified and are located at the grain boundaries of the material. The impurities lead to enhanced phonon
scattering, a significant reduction in lattice thermal conductivity, and therefore an increase in the thermoelectric figure of merit in
these materials. This study also reveals the existence of an insulator-to-metal transition at 450 K.
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B INTRODUCTION In an attempt to broaden the quest for abundant materials
Solid-state cooling and power generation based on thermo- with low thermal conductivities, Chen et al. have recently
electric effects have been the focus of recent research in the reported on the transport properties of quaternary tetrahedrally
search for alternative energy technologies."”” Thermoelectric bonded Cu,(Zn/Cd)SnSe,.'*™"* Despite being wide band gap
devices are currently used for deep space power generation and compounds with low electron mobility, these materials exhibit
other specialized applications, with the recovery of wasted heat fairly good thermoelectric performance upon “doping” due to
o o 16-19
as a main goal for future applications. The fact that current the very low intrinsic thermal conductivities, with recent
thermoelectric materials with high efficiencies are mainly attempts to further reduce the thermal conductivity due to
telluride based®>~” provides the motivation for the discovery nano crystals.””*! There exists a whole family of structurally
of new compounds to be potential candidates for high- related quaternary compounds of the formula Cu,—II-IV—
efficiency thermoelectrics. S4(Se,), with II = Mn, Fe, Co, Ni, Zn, Cd, Hg and IV = Si, Ge,
The performance of a material is described by the Sn,”* which have been studied for their performance as possible
thermoelectric figure of merit zT (2T = o*T/pk) at the compounds for photovoltaic applications due to possible band
absolute temperature T. A suitable material for thermoelectric gap tuning: e.g, in Cu,ZnSnSe, .S.”> > The structural
applications must have a large Seebeck coefficient a, low robustness of these compounds regarding different elements
resistivity p, and low total thermal conductivity x. The total should inevitably lead to the possibility of precise doping in
thermal conductivity is the sum of the lattice thermal these materials to obtain an optimum charge carrier
conductivity Kj,yc. and the electronic thermal conductivity k. concentration, which in combination with the low intrinsic
However, these transport properties are strongly coupled and thermal conductivities would lead to a whole range of possible
the desired combination is difficult to obtain. Different thermoelectric materials.
strategies to yield a high figure of merit include optimization In order to understand and compare the published transport
of the electronic transport by precise doping to obtain an properties in this class of compounds, the current study focuses
optimum carrier concentration,® utilization of the material on the solid solution Cu,ZnGeSe,. Structurally related to
structure to result in a reduction of the phonon mean free path sphalerite, Cu,ZnGeSe, crystallizes in the tetragonal stannite
to decrease lattice thermal conductivity, e.g. in filled
skutterudites,w_12 or use of nanostructuring to reduce the Received: February 13, 2012
phonon mean free path.”*~" Published: April S, 2012
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structure (I#2m, a = 5.622(0) A, ¢ = 11.060(0) A, Z = 2),*
shown in Figure 1.

Figure 1. Crystal structure of stannite Cu,ZnGeSe,. Cu atoms are
yellow, Ge atoms are gray, Zn atoms are blue, and Se atoms are red,
with the tetrahedral coordination of the elements indicated.

In this work the synthesis, phase stability, and thermoelectric
properties of the quaternary compound Cu,ZnGeSe, are
reported, as well as the effect of replacing Zn** with Cu* and
an observed phase transition at 450 K, previously not reported.
It is shown that substitution of Zn with Cu introduces charge
carriers, resulting in a higher figure of merit zT and additionally
leading to a phase segregation of nanosized Cu, sSe. This
nanosized phase leads to enhanced phonon scattering and
results in a significant reduction in the lattice thermal
conductivity in these materials.

B EXPERIMENTAL SECTION

Synthesis. Bulk samples of polycrystalline Cu,,,Zn,_,GeSe, with
compositions of x = 0, 0.025, 0.05, 0.075, and 0.1 were prepared via
solid-state reactions using elemental powders of Cu (Alfa Aesar,
99.999%), Zn (Sigma Aldrich, 99.995%), Ge (Chempur, 99.99%), and
Se (Alfa Aesar, 99.999%). The phase purity of the starting materials
was verified by X-ray diffraction, and all synthetic procedures were
carried out in a N, drybox. Annealing was performed in evacuated
quartz ampules, which were preheated at 1073 K under dynamic
vacuum for S h to ensure dry conditions.

The starting elements were thoroughly ground, sealed in quartz
ampules, heated to 923 K at 5 K/min, and annealed for 48 h. The
ampules were cooled at 5 K/min, and the obtained materials were
ground, sealed in quartz ampules again, and then reannealed at 1073 K
for 96 h with the aforementioned heating and cooling rates. 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 significant loss of selenium at higher
temperatures, indicated by red selenium precipitation present on
longer ampules. The obtained powders were hand ground and
consolidated into 1—1.5 mm thick, 12 mm diameter disks at 873 K for
5 h under a pressure of 40 MPa by induction hot pressing in high-
density graphite dies.”® The resulting samples have more than 97%
theoretical density.

Physical Characterization. X-ray diffraction measurements were
performed on a Siemens D5000 powder diffractometer with a Braun
MS0 position-sensitive detector and Cu Ka, radiation (Ge(220)
monochromator) with a step size of 0.0078°. Rietveld refinements

7148

were performed with TOPAS Academic V4.1°7 applying the
fundamental parameter approach using the crystallographic data
from Schifer and Nitsche.”> Scanning electron microscopy (SEM)
images and energy-dispersive X-ray spectroscopy (EDS) of the
consolidated materials were taken using a Zeiss 1550 VP SEM in
the quadrant backscattering detector (QBSD) and the secondary
electron detector (SE2) mode. Optical absorption spectra of the
roughened consolidated disks were measured at room temperature by
a Cary 5000 UV—visible—near-IR spectrometer equipped with an
integrating sphere. Absorption coeflicients were calculated from the
diffuse reflectance using the Kubelka—Munk function.

Combined thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were performed using a Netzsch STA
449 instrument. Thermal diffusivity was measured using a Netzsch
laser flash diffusivity instrument (LFA 457); samples were coated with
a thin layer of graphite to minimize errors in the emissivity. The data
were analyzed using a Cowan model with pulse correction. Heat
capacity (Cp) was estimated using the method of Dulong-Petit (CP =
3R, kg per atom), and theoretical densities were calculated from the
molar mass and the lattice parameters for each composition obtained
from X-ray diffraction. The Seebeck coeflicient was calculated from the
slope of the thermopower vs temperature gradient measurements from
chromel—Nb thermocouples.”® Electrical resistivity, Hall coefficient,
and carrier concentration were measured using the Van der Pauw
technique under a reversible magnetic field of 2 T and pressure-
assisted contacts. All measurements were performed under dynamic
vacuum and on multiple samples for each composition. Shown
measurement data represent both heating and cooling data. The
combined uncertainty for all measurements involved in zT
determination is 20%.

B RESULTS AND DISCUSSION

Chemical Characterization. All samples were checked for
phase purity prior to any transport measurements, and selected
powder diffraction data are shown in Figure 3 for each
composition. In all compositions with x < 0.075 all reflections
can be indexed to Cu,ZnGeSe, and no secondary phase is
observed. However, the samples with the nominal composition
of Cu,,Zny,GeSe, show an impurity phase of Cu,_sSe with a
weight percentage of 1—2% indicated by Rietveld refinement.
Lattice parameters were refined, and no significant change was
observed upon doping Zn** with Cu’, due to the relatively
similar ionic radii of the species. Rietveld refinements of
powder samples prior to the hot-pressing procedure and data
taken from consolidated samples do not show any significant
texture in this material. We therefore believe that disks of this
polycrystalline material are suitable for a thermoelectric
characterization.

Combined TGA/DSC analysis of the material from ambient
temperature to 1100 K revealed a slightly exothermic effect
around 450 K corresponding to a phase transition (Figure 2),
which has not been reported previously.””*°

At present, the nature of this phase transformation remains
unclear and a detailed structural investigation and analysis is
necessary. Significant weight loss does not occur until 973 K,
while purged with argon; however, measurements under
dynamic vacuum lead to a significant evaporation of selenium
above 723 K. Therefore, all measurements were performed up
to 673 K to ensure the thermal stability of the samples.

At room temperature the optical data in Figure 3c plotted as
(ahv)* against photon energy, where a is the absorption
coefficient, & the Planck constant, and v the wavenumber, give
an estimated optical band gap E, of 1.4 eV, which is consistent
with the reported data of this class of wide band gap
materials.”
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Figure 2. TGA/DSC data for Cu,ZnGeSe,, with the slightly
exothermic effect (black circle) indicating a phase transition.

Scanning electron microscopy of polished and fractured
surfaces showed very high densities of the samples, in
agreement with the high density values measured after hot
pressing. Selected SEM micrographs of polished surfaces for
different doping contents are shown in Figure 4. SEM
micrographs are shown in backscattered (QBSD) and
secondary electron mode (SE2) to distinguish among
impurities, voids, and the residue of polishing particles.
Energy-dispersive X-ray spectroscopy was utilized to verify
the stoichiometry.

Contrasts in the micrographs are due to different orientations
of the grains of the compound Cu,,,Zn; ,GeSe,, and grain
sizes are between 10 and 20 gm. Scanning electron microscopy
at higher magnifications revealed impurity phases present in the
material that were undetected by X-ray diffraction. The
impurity phase is attributed to a segregation triggered by
higher contents of Cu. Samples with the nominal composition

of Cu,sZnyosGeSe, show the two impurity phases CuSe and
Cu,_;Se as white and black spots, respectively. However, higher
Cu contents mainly lead to the formation of Cu,_sSe for x =
0.075 and x = 0.1, which is in accordance with the X-ray
diffraction data for x = 0.1 (Figure 3). This phase segregation is
possibly a result of a charge imbalance in the material.
Substitution of Zn** with Cu* leads to the formation of holes,
or Se” (for localized charges). For higher doping levels the
excess of Cu leads to a phase segregation to form the
energetically more stable species Se’” in the secondary phase. It
is possible that, above a certain amount of excess Cu, all the
extra Cu segregates in the form of Cu,_sSe. The amount of the
impurity phase should then be proportional to the amount of
extra Cu. These impurities have grain sizes of 250 nm and
smaller and are mainly located at the grain boundaries.
Electronic Transport Properties. The temperature
dependence of the resistivity for different doping concen-
trations in Cu,,,Zn,;_,GeSe, is shown in Figure 5. As expected
for a wide band gap semiconductor,® unsubstituted
Cu,ZnGeSe, exhibits a high electrical resistivity at room
temperature and decreases with increasing temperature. The
aforementioned phase transformation at around 450 K has a
significant impact on the electrical resistivity, leading to an
increase in resistivity with temperature for all doping levels,
similar to metallic transport behavior, and the temperature of
the transition seems to be composition dependent. Thus, this
transition can be considered an insulator-to-metal transition.
While substitution introduces charge carriers and results in a
decrease of the resistivity over orders of magnitude, the change
in the resistivity does not entirely follow the trend expected for
the substitution with Cu®*" for Zn'. The exception to the
expected behavior is seen at the substitution level of x = 0.05,
which shows a lower resistivity than x = 0.075 and x = 0.1. This
can be explained by the charge carrier concentrations (Figure
S) that result for each doping level, where a higher than
expected carrier concentration was observed for the x = 0.05
sample. Expected carrier concentrations from simple charge
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Figure 3. (a, b) Powder diffraction data for Cu,,,Zn,_,GeSe, including profile fit, profile difference, and profile residuals from the corresponding
Rietveld refinement. The intensities are plotted as the square root to show low-intensity reflections as well. The inset in (b) shows extra reflections
indexed to Cu,_sSe. (c) Absorption spectrum of Cu,ZnGeSe, with the band gap extrapolation indicated.
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Figure 4. Scanning electron micrographs of polished surfaces for different doping contents «x in Cu,,,Zn;_,GeSe, in backscattered (QBSD) and
secondary electron mode (SE2). White spots (blue circle) and black spots (red circle) in samples with x = 0.05 reveal minor impurities of CuSe and
Cu,_sSe, respectively. Doping contents of x = 0.075 and x = 0.1 mainly show impurities of Cu,_;Se with sizes of 250 nm and smaller, mainly located

at the grain boundaries.
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Figure S. Resistivity p (left) and Hall carrier concentrations ny; (right) of Cu,,,Zn,_,GeSe, as a function of temperature.

counting and measured Hall carrier concentrations are shown
in Figure 6. At a doping level of x = 0.025 the substitution has
the expected effect on the carrier concentration; however,
higher substitution levels deviate significantly from the charge
carrier concentrations expected from simple charge counting.
This behavior is attributed to the secondary phases in the
material seen in the scanning electron micrographs (Figure 4).
The formation of Cu,_sSe reduces the amount of Se*~ and Cu*
in the matrix. Considering the case where only Se is removed
from the matrix, there would be electrons left behind in the
matrix which would lead to fewer holes in the material, as
compared to those expected from charge counting for each

7150

level of substitution x. In the case where only Cu is removed
from the matrix, the result would be more holes left behind in
the matrix. In the case of phase segregation where
stoichiometric Cu,Se is formed, the individual effects of less
Se and Cu in the matrix would cancel each other out and would
not impact the carrier density. However, the formation of
nonstoichiometric Cu,_sSe means that more Se than Cu is
removed from the matrix and the overall result is fewer holes in
the matrix as compared to the expected number from simple
charge counting, the effect of which is shown by the measured
Hall carrier concentrations shown in Figure 6. Additionally, it is
likely that CuSe forms for x = 0.05 due to a slight excess of Se

dx.doi.org/10.1021/ja301452j | J. Am. Chem. Soc. 2012, 134, 7147-7154



Journal of the American Chemical Society

8 T T T T
——— Mk i
i 0 x=0 1
x=0.025 ~
w BF x=0.05 —
! - x=0.075 -
E x=0.1 o
g :
o4l -
=1 4
~ L o |
e
z e
2 /‘_‘,—" .|
I et ' 1
I - ]
Oba—" I I L L=
0 0.025 0.05 0.075 0.1

X, CuzixZny-xGeSe,

Figure 6. Expected charge carrier concentrations . and measured
Hall carrier concentrations ny for Cu,,,Zn,_,GeSe,.

and reduces the amount of Cu and therefore leads to more
holes in the matrix.

It should be noted that measured Hall mobilities at room
temperature are around 2—3 cm?/(V s) and are not affected by
this unexpected trend, leading to the assumption that the
charge carrier concentration mainly dominates the electronic
transport. The Hall voltage is positive, which is expected for p-
type charge carriers (holes), and the mobilities are low for a
semiconductor but high for localized charges in a very ionic
environment.

Figure 7 illustrates the effect of the charge carrier
concentrations on the thermopower. The Seebeck coeflicients
are large and positive, indicating holes as the majority carrier
type, consistent with the carrier concentration and Hall
mobilities acquired via Hall measurements. The increase of
the Seebeck coeflicient with increasing temperature reveals that
the maximum of the thermopower is not yet reached at 670 K,
which is consistent with the measured wide band gap of 1.4 eV
in this material (Figure 3c). Within this measurement range,
thermally activated electrons do not cause a reduction in the
thermovoltage. Solutions to the Boltzmann transport equation
within the relaxation time approximation have been used to
model the relationship between carrier concentration and the
Seebeck coefficient. The thermopower of a material can be
described using the reduced chemical potential #, with the
Boltzmann constant kg and the electron charge e

e

. 5((2 RN n]
(1 +1)E ()

The Fermi integrals are given by

Y gldg
i) = fo 1+ exp(§ — 1) )

(1)

with the reduced carrier energy £ The scattering parameter 4
relates to the energy dependence of the carrier relaxation time
7, with 7 = 7,e*71/23°

In this model it is assumed that only one type of carrier is
present in a single parabolic band, with the assumption of
acoustic phonon scattering (4 = 0). The effective mass m* of
1.2 m, which was used to calculate the Pisarenko relation
(Figure 7) at 360 K, was calculated from the experimental
Seebeck coeflicient and Hall carrier concentration for x = 0.025
with the carrier concentration described as®®

2m*k, T\
n= 4n(TB) Ba(n) .
Because the experimental data fall on or near the generated
curve, it may be assumed that a heavily doped, single parabolic
band is a good starting model for electronic transport of this
system below the transition temperature. Substitution with Cu
does not significantly change the effective mass or mobility of
the holes and therefore confirms that the electronic transport is
mainly governed by the charge carrier densities. This
furthermore shows that the carrier mobility is not affected by
nanoparticles of this length scale, which is expected, since the
mean free paths of electrons and holes are much shorter than
those of phonons.*”

Thermal Transport Properties. The thermal diffusivity of
the material was measured up to 670 K. The total thermal
conductivity was calculated using x = DpC,, where D = thermal
diffusivity, p = geometric density, and C, = specific heat
capacity. Here, use of the Dulong—Petit approximation for the
heat capacity (C, = 0.34 ] g'” K') is likely to result in an
underestimation (~10%) of the thermal conductivity at high
temperatures.®® The temperature dependence of the total
thermal conductivity is shown in Figure 8, and the effect of the
previously mentioned phase transformation can be seen at
around 450 K. The thermal diftusivity is additionally shown in
Figure 8.
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Figure 8. Total thermal conductivity k (left) and thermal diffusivity D (right) of Cu,,,Zn,_,GeSe, as a function of temperature.

The total thermal conductivity of a semiconducting material
is a combination of lattice, electronic, and bipolar contributions
(Keotal = Kiattice + Kel + Kpipolar)- The Wiedeman—Franz relation
(kq = LT/p) was employed to estimate the k.| contribution to
the thermal conductivity. Temperature-dependent Lorenz
numbers (L) were calculated within the single parabolic band
approximation using eq 4> under the assumption of acoustic

(1+ M3+ MEMFE,,(n) - 2+ 7\)2FA+12('])
(1 +M)°F*(n)

4)

phonon scattering (4 = 0). The reduced chemical potential 7
was calculated from the experimental Seebeck coefficients via
eq L.

The electronic contribution to the total thermal conductivity
(Figure 9) of the undoped sample is very low, due to the high
resistivity, and increases with increasing carrier concentration.
The phase transformation can be seen as well, due to the
change in the resistivity at the transition temperature in this
material. The calculated Lorenz numbers are considerably
lower than the value for the free electron model of 2.44 W Q
K™

Subtraction of k, from K, leaves the lattice and bipolar
contribution of the thermal conductivity (Figure 10). As
expected for this wide band gap semiconductor, there is no
evidence of a significant bipolar contribution to the total
thermal conductivity in this temperature range, which would be
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Figure 10. Temperature dependence of the lattice thermal
conductivity Kpice of Cu,,,Zn,_,GeSe, Ky exhibits a 1/T
temperature dependence (purple line) attributed with phonon—
phonon Umklapp scattering, slowly approaching the glassy limit .,
(dashed line) at higher temperatures.

visible as an upturn in the data at higher temperatures, and the
resulting thermal conductivity is hereafter referred to as lattice
thermal conductivity.

The lattice thermal conductivities of Cu,,,Zn,_,GeSe, with x
= 0, 0.025, and 0.05 are the same within the range of the
measurement uncertainty for the laser flash diffusivity measure-
ments of 3%. This can be expected, since the mass contrast
between Cu and Zn is low and therefore point defect scattering,
due to the mass disorder, can be assumed to be negligible. The
temperature dependence of K. is well described by a 1/T
dependence attributed to phonon—phonon Umklapp scatter-
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the reduction of lattice thermal conductivity by nano-sized impurities.

ing, which, in materials with low mass contrast and simple
crystal structures, is given by’

(6n*)*® My}

KUmkIa = T T 533
PP 4t TV )

where M is the average mass, v, the average speed of sound, V'
the volume per atom, and y the Griineisen parameter.

Room-temperature ultrasonic measurements of undoped
Cu,ZnGeSe, yield the longitudinal v and transverse v, speeds
of sound of 4101 and 2154 m/s, respectively. The average
speed of sound and the Debye temperature ®p, of the material
of 2409 m/s and 257 K, respectively, can be calculated via egs 6
and 7.%

by = 3

" v1_3 + 2vt_3 (6)
mel [ 6752 )1/3

O, =—"—|—
kB 1% 7)

Using eq S and the experimental data of the temperature-
dependent lattice thermal conductivity, a Griineisen parameter
of y = 0.8 has been determined for Cu,ZnGeSe,. This value is
reasonable as compared with the room-temperature Griineisen
parameter of ZnSe of 0.8,*' due to similar crystal structures and
bonding interactions.

The assumption of a minimum scattering length for phonons
as a function of the phonon frequencies leads to a model of the
glassy limit of the lattice thermal conductivity, initially
described by Cahill et al.** and recently employed to calculate
the lower bound for lattice thermal conductivities «,; in
thermoelectric materials by Toberer et al.** The temperature
dependence of k,;, is given in Figure 10. The high-temperature

min
estimation of k;;, with an average volume V per atom is given

by44 min
1/3
(= -2/3
=== kV v, + v
min 2(6) B ( t l) (8)

In this material, a statistically significant reduction in the
lattice thermal conductivity can be seen for x = 0.075 and 0.1,
which can be attributed to the secondary phases at these
substitution levels. The nanometer scale impurities are mainly
located at the grain boundaries, leading to an enhanced phonon
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scattering and therefore a significant reduction in phonon mean
free path. The effect of the reduction leads to a lowering in
lattice thermal conductivity of 0.3—0.5 W m™" K™! at room
temperature, with K, approaching the minimum value of 0.6
Wm'"K™ at higher temperatures.

Figure of Merit. The power factor PF = a*/p and figure of
merit zT = &*T/p-k are shown in Figure 11. The carrier
concentration of 7.7 X 10" cm™ of x = 0.025 leads to the
highest power factor in the material, while higher doping levels
introduce too many charge carriers. However, the figure of
merit of the samples with x = 0.075 are higher than those with x
= 0.025, due to a statistically significant reduction of the lattice
thermal conductivity induced by the nano-sized impurities
located at the grain boundaries. The material exhibits the
highest figure of merit of 0.45 at 670 K for x = 0.075. The
maximum zT is not yet reached in this temperature range,
because the wide band gap of these compounds effectively
suppresses the thermal activation of minority charge carriers.
Additionally, the incorporation of a protective coating to
prevent the evaporation of selenium will stabilize the material
for use and measurement at higher temperatures that should
result in higher figure of merit values as seen for
Cu,ZnSnSe,'"*"® (2T = 0.45 at 700 K and 0.9 at 860 K).

B CONCLUSION

Inspired by the thermoelectric properties of the quaternary
tetrahedrally bonded Cu,(Zn/Cd)SnSe,, we investigated the
thermoelectric properties of the solid solutions
Cu,,,Zn;_,GeSe,. A phase transition at 450 K has been
identified, and it has an influence on the transport properties in
this material, leading to an insulator-to-metal transition.
Substitution of Zn** with Cu' introduces holes as charge
carriers but also leads to the formation of impurities by phase
segregation which greatly influence the charge carrier
concentration. These nanometer-sized impurities are primarily
located at the grain boundaries, causing a reduction of the
lattice thermal conductivity and increasing the figure of merit to
0.45 at 670 K.
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