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ABSTRACT: Heterostructures that consist of a germanium
antimony telluride matrix and cobalt germanide precipitates
can be obtained by straightforward solid-state synthesis
including simple annealing and quenching procedures. The
microscale precipitates are homogeneously distributed in a
matrix with pronounced “herringbone-like” nanostructure
associated with very low thermal conductivities. In comparison
to the corresponding pure tellurides, the figure of merit (ZT)
values of heterostructured materials are remarkably higher.
This is mostly due to an increase of the Seebeck coeflicient
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with only little impact on the electrical conductivity. In addition, the phononic part of the thermal conductivity is significantly
reduced in some of the materials. As a result, ZT values of ca. 1.9 at 450 °C are achieved. Temperature-dependent changes of the
thermoelectric properties are well-understood and correlate with complex phase transitions of the telluride matrix. However, the

high ZT values are retained in multiple measurement cycles.

1. INTRODUCTION

The efficient use of waste heat is one of the great challenges
toward economical energy consumption. Thermoelectric
materials can directly convert heat to electricity and can thus
contribute to solving the energy problem."” The efficiency of a
thermoelectric generator depends on the average of its
components’ thermoelectric figure of merit (ZT) values,
where ZT = §?6Tk" and S = Seebeck coefficient, ¢ = electrical
conductivity, and k = thermal conductivity.” The optimization
of one single property without influencing another is hardly
possible, as S, o, and the electronic part of the thermal
conductivity k., are interdependent. Transport properties
depend on the band structure and, in part as a consequence,
on the concentration and mobility of charge carriers.” Low
charge carrier mobilities (#) mean high Seebeck coefficients in
combination with low electrical conductivities and vice versa.
High Hall charge carrier concentrations nyy, on the other hand,
result in high electrical conductivities and, according to the
Wiedemann—Franz law ko~' = LT (with the Lorenz number L’
as a proportionality constant), in high thermal conductivities.®
Among the relevant properties, the phononic part of the
thermal conductivity k,, can be almost independently
influenced, e.g, by real-structure effects, such as point defects
or domain boundaries. For example, SrTe nanoinclusions in
PbTe form endotactically intergrown heterostructures, which
after mechanical treatment reach ZT ~ 2.2 at 640 °C.” Many
heterostructures were synthesized as multilayer films, which
enables well-defined crystalline samples but lacks the possibility
of upscaling.”~"* “Top-down” syntheses of nanostructured bulk
material, on the other hand, include mechanical processing and
sintering.'"'> The large-scale synthesis of compact hetero-
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structured materials more often relies on facile “bottom-up”
approaches, e.g. by exsolution of minority phases upon
quenching melts. This was found, for instance, in LAST
(Pb—Sb—Ag—Te) materials, which exhibit nanoscale inclusions
with coherent or semicoherent interfaces in a PbTe-rich
matrix,">'* or in AgSbTe,, which is in fact nonstoichiometric
and includes Ag,Te precipitates.>'® The control of composi-
tion and crystal structures of the phases in such materials is a
challenge concerning efficient bulk syntheses.

Germanium antimony tellurides (GST materials) are
discussed as thermoelectric materials.'”~>' Many of the
compounds in the system (GeTe),Sb,Te; exhibit a rock salt-
type high-temperature (HT) modification, which can be
quenched to a metastable pseudocubic one. Such phases
show planar defects parallel to {111}, which were found to
drastically decrease the thermal conductivity, possibly by
hindering long-wavelength phonon propagation.””** Under
ambient conditions, stable, long periodically ordered, layered
phases consist of rock salt-type slabs separated by van der
Waals gaps. At large GeTe fractions n, GST materials can be
considered as doped variants of GeTe and are in line with
several high ZT values of doped and alloyed GeTe
materials.”* =%’

Te-containing cobalt gemanides were reported as possible
thermoelectric materials due to a high n-type thermopower as
well as a reasonable electrical conductivity.”””” Yet, cobalt
germanides are not widely investigated as thermoelectric
materials. They adopt various modifications, among which
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CoGe, and Co;Ge, were discussed as contact materials for

Si;_,Ge, technologies, mainly due to their high electrical
. . 30,31

conductivity.

Thus, a combination of GST materials with intrinsic
nanostructures and cobalt germanides as additional precipitates
is an intriguing approach toward new thermoelectric composite
materials.

2. EXPERIMENTAL SECTION

Synthesis. Compact ingots were obtained in silica glass ampules
under dry Ar atmosphere by quenching stoichiometric melts of the
pure elements Co (99.995%, Sigma-Aldrich), Sb (99.9999%, Smart
Elements), Ge (99.999%, Smart Elements), and Te (puriss, VEB
Spurenmetalle Freiberg) after 7—12 h at 950 °C. The samples were
subsequently annealed at 590 °C for 1 d, again followed by quenching
in water. Detailed information on the thermal treatment of the
individual samples is given in the Supporting Information (Table S1).
Plane-parallel samples for thermal conductivity measurements were
obtained by using flat-bottomed silica glass ampules, splitting the
ingots, and polishing specimens with SiC grinding powder. For
resistivity and Seebeck coefficient measurements, cuboid slabs of the
same ingots were sawn using a diamond wire saw.

Analytical Methods. Scanning electron microscopy (SEM)
imaging and energy-dispersive X-ray spectroscopy (EDX) were done
on a Zeiss LEO 1530 microscope (acceleration voltage 20 kV)
equipped with an EDX detector (INCA system, Oxford Instruments).
For room-temperature powder X-ray diffraction (PXRD) patterns of
crushed samples on flat specimen holders, a Huber G670
diffractometer (Guinier geometry with imaging-plate detector and
integrated read-out system) with Cu Ka; radiation [Ge(111)
monochromator, 4 = 1.540 51 A] was used. Temperature-dependent
measurements of samples in rotating silica glass capillaries under dry
Ar atmosphere were recorded on a similar device with Mo Ka,
radiation (1 = 0.71073 A) equipped with a ceramic heating fork for
direct heat transfer.

Differential scanning calorimetry (DSC) of the powdered sample in
an aluminum crucible was performed under He atmosphere [1 bar at
room temperature (rt)] on a Ql000 DSC instrument (TA
Instruments). The samples were heated at a rate of 10 K/min, held
at the final temperature for 10 min, and subsequently cooled back to rt
at 10 K/min. Two consecutive runs were performed.

Selected-area electron diffraction (SAED) and scanning trans-
mission electron microscopy (STEM) imaging were done on a Philips
CM-200 STEM (LaB cathode, 200 kV, supertwin lens) with an R-
TEM 136-5 EDX detector (EDAX) on dimpled and Ar ion-thinned
(Duo-Mill, GATAN) samples.

Thermal diffusivity measurements were performed under He
atmosphere with a Linseis LFA1000 apparatus equipped with an
InSb detector. Simultaneous heat loss and finite pulse corrections were
corrected using Dusza’s model.>* Values were averaged from five
measurement points at each temperature. For  calculation, they were
multiplied with the Dulong—Petit heat capacity and the density as
derived by the weight and the volume determined by Archimedes’
principle. All densities were higher than 99% of the X-ray densities of
the matrix material. The single values of each sample are given in
Table S1 of the Supporting Information. § and ¢ were measured
simultaneously under He atmosphere with a Linseis LSR-3 instrument
with NiCr/Ni and Ni contacts and a continuous reverse of the polarity
of the thermocouples (bipolar setup). Each transport property was
measured on specimens cut from the ingots along different directions
for comparison. No significant anisotropy was observed; obviously, all
quenched samples were polycrystalline with randomly oriented grains.
The errors of S and o are smaller than 10%; for k, they are ca. 5%. As a
result, the ZT values given exhibit an absolute uncertainty of ca. 20%.>
All measurements are well-reproducible and typical (not the very best)
measurements are shown.

Computer programs and databases as well as their references are
listed in section I of the Supporting Information.

3. RESULTS AND DISCUSSION

Structures and Composition. In order to demonstrate the
influence of cobalt germanide precipitates on the thermoelectric
properties of GST materials, this contribution focuses on three
different GeTe contents described by n in the formula
(GeTe),Sb,Te; (n = 12, 17, and 19). Preliminary experiments
with various contents of cobalt germanide precipitates showed
that the most promising thermoelectric properties are obtained
for amounts around 1 wt %. Therefore, each pure GST phase is
compared with samples that contain 1 wt % of CoGe,
(corresponding to the nominal composition from starting
materials). The simple procedure of quenching stoichiometric
melts followed by annealing at 590 °C for 1 d yields precipitates
of 1-2 pm in size that are homogeneously distributed in the
GST matrix (cf. Figure 1). According to SEM images using

Figure 1. STEM-EDX element mapping of a sample with the nominal
composition (CoGe,)y,(GeTe),,Sb,Te; (left): bright-field image (top
left) and spatially resolved element distribution for Co and Ge (middle
and bottom, respectively). SEM-BSE image of a polished sample (top
right) and STEM dark-field image of matrix region (bottom right,
“herringbone-like structure”, contrast due to orientation differences
between neighboring domains and twinning).

backscattered electrons (BSE), the precipitate distribution does
not change during heating and cooling cycles, e.g. in
thermoelectric measurements (cf. Figure S2 in the Supporting
Information).

SAED tilt series and EDX in a transmission electron
microscope (TEM) reveal that the precipitates adopt the
CosGe, structure (I4mm,”* a = 7.6 A, ¢ = 5.8 A; cf. Figures S3
and S4 and Table S2 in the Supporting Information). Due to
their very low overall fraction, the precipitates are hardly
detectable by means of PXRD; only their strongest reflection
corresponds to a tiny peak (cf. Figure S1 in the Supporting
Information). The idealized stoichiometry of the precipitates
slightly deviates from the nominal composition. According to
TEM-EDX, however, the Co:Ge ratio in the precipitates varies,
and the incorporation of small amounts of Te seems likely. In
combination with a certain homogeneity range of GST,”" this
flexibility enables slight variations of the sample composition
without the precipitation of further side phases.

DOI: 10.1021/jacs.5b07856
J. Am. Chem. Soc. 2015, 137, 12633—-12638


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07856/suppl_file/ja5b07856_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07856/suppl_file/ja5b07856_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07856/suppl_file/ja5b07856_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07856/suppl_file/ja5b07856_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07856/suppl_file/ja5b07856_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07856/suppl_file/ja5b07856_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07856/suppl_file/ja5b07856_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b07856/suppl_file/ja5b07856_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b07856

Journal of the American Chemical Society

In good agreement with literature reports, (GeTe),Sb,Te; is
pseudocubic after quenching,® whereas (GeTe);,Sb,Te; and
(GeTe),oSb,Te; exhibit average structures that are disordered
variants of the rhombohedral a-GeTe type.*® This results in
strongly broadened and split reflections, as shown in the PXRD
patterns given in Figure S1 in the Supporting Information.
PXRD data are probably not sufficient to decide whether
extended van der Waals gaps are present, as the corresponding
structures may be almost homometric.”” Quenched
(GeTe),,Sb,Te; exhibits a pronounced, “herringbone-like”
nanostructure (see Figure 1), both in samples with and without
precipitates. Comparable nanostructures discussed in the
literature for GST material with low Sb content and GeTe
itself correlate with very low thermal conductivities.””** After
the first heating above 250 °C and slow cooling, all matrix
phases adopt an average a-GeTe-type structure (for PXRD
patterns of quenched vs slowly heated and cooled samples, see
Figure S2 in Supporting Information). Upon thermal cycling,
no changes of the matrix composition are observed (see Table
S2 in Supporting Information). Within the detection limits of
EDX, no Co is incorporated in the matrix.

Thermoelectric Properties and Phase Changes. The
physical properties of GST materials depend on the thermal
treatment as a consequence of their well-understood phase
transitions.'’*° Since an irreversible phase change from the
metastable pseudocubic to the trigonal layered modification
occurs around 240 °C for quenched (GeTe),,Sb,Te; (and,
although less pronounced, also for the other samples), all
samples were cycled three times to 240 °C in order to verify the
kinetic stability in this temperature region [cf. Figure SS in the
Supporting Information for corresponding measurements for
(CoGe,)o,(GeTe);,Sb,Te;]. Once the samples are heated
beyond 250 °C, the irreversible phase transition yields different
curves at lower temperatures, which do not change in all further
cycles. Figure 2 correlates structural changes during the first
heating of (CoGe,),,(GeTe);,Sb,Te; to higher temperatures
with abrupt changes in the Seebeck coeflicient and thermal
conductivity. As the precipitates are not detectable by means of
PXRD, the following discussion focuses on structural changes
in the GST matrix material only.

Temperature T1 (~240 °C) marks the transition from the
metastable pseudocubic to the trigonal layered modification in
the heating curve (cf. left part of Figure 2) and is also visible in
the property measurement curves (end of the almost linear
increase of S). At T2 (~330 °C), the transition from the
trigonal to the rock salt-type HT modification is visible, which
is reversible upon cooling (T3, ~260 °C). Note that the
pseudocubic modification does not recur once the sample was
heated beyond ~240 °C. Therefore, all following cycles only
show the transition between the trigonal and the rock salt-type
modification. This reversible process is diffusion-controlled and
thus exhibits a slight hysteresis that can also be seen in the
thermoelectric property measurements. This hysteresis is also
evident from differential scanning calorimetry (Figure 2), which
yields more precise transition temperatures than temperature-
dependent PXRD. However, DSC lacks the crucial information
on the structural changes from the metastable to the stable
phase that are associated with very small enthalpy values and
produce a very broad signal around 200 °C that can hardly be
distinguished from the baseline. Slight shifts of the temper-
atures when comparing thermoelectric property measurements
and DSC with temperature-dependent PXRD might be due to a
slower phase transition of the bulk sample during thermo-
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Figure 2. Thermal behavior of a sample with the nominal composition
(CoGe,)(,(GeTe),,Sb,Tey: DSC measurements (top panel), temper-
ature-dependent PXRD (second panel; note that the ordinate
represents 20 and the abscissa is the temperature), first heating
cycle of Seebeck coefficient S (third panel), and thermal conductivity k
(bottom panel) measurements. Red symbols correspond to heating
and blue symbols to cooling measurements. T1 (green), T2 (blue),
and T3 (red) (see the text) are indicated as dashed lines. Changes in
reflections, e.g., splitting as indicative of phase transitions, are marked
by blue arrows; note that missing reflections upon cooling are due to
single-crystalline material after melting.

electric measurements compared to the powders heated for
PXRD and to certain coarsening required to produce detectable
X-ray reflections. The DSC maxima correspond to the
beginning of changes in the PXRD patterns.

The influence of the irreversible phase transition on the
properties is most pronounced for (GeTe);,Sb,Te;, less
pronounced for (GeTe),,Sb,Te;, and absent for
(GeTe),oSb,Te; (which already exhibits the trigonal structure
after quenching). Comparable changes have also been reported
for GST materials doped with In, Sn, and Se.!®353% The
differences between the first heating beyond 250 °C and
consecutive curves are not reflected by the ZT curve. In order
to eliminate the influence of the metastable pseudocubic GST
modification for the sake of focusing on long-term stable states,
the following discussion is based on the second heating cycle
between room temperature and 500 °C (i.e., the second heating
beyond 250 °C). For a combined plot of all cycles for each
property for the (CoGe,)y,(GeTe),,Sb,Te; sample, see
Figures SS and S6 in the Supporting Information.

For all examined GST materials with varying GeTe contents,
the Seebeck coefficients are in the same range and show
comparable temperature dependencies (see Figure 3). Higher
values are obtained in heterostructured samples. They are
observed over the whole temperature range for
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Figure 3. Thermoelectric properties of (GeTe);;Sb,Te; vs (CoGe,),,5(GeTe) ,Sb,Te; (left column), (GeTe),;Sb,Te; vs
(CoGe,)o,(GeTe),;Sb,Te; (middle column), and (GeTe),,Sb,Te; vs (CoGe,)y,,(GeTe) sSb,Te; (right column); values for pure GST material
are given as squares, and those for the corresponding heterostructured materials are given as triangles; empty symbols correspond to heating, filled
ones correspond to cooling curves. Seebeck coefficient (first row), electrical conductivity (second row), power factor (third row), thermal
conductivity and phononic part of thermal conductivity calculated from the thermal conductivity using a Lorenz number of 2.00 X 107 W Q K™*
(which is a typical value for GST materials®®) (fourth row), and ZT values (fifth row).
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(CoGe,)15(GeTe)1,Sb,Te; and at elevated temperatures
within the existence range of the rock salt-type GST
modification for (CoGe,),,(GeTe);,Sb,Te; and (Co-
Ge,)02,(GeTe) oSb,Te,, respectively. As a trend, samples
with higher GeTe contents are better electrical conductors
than those containing less GeTe. In heterostructured samples,
the electrical conductivities are in the same range as those of
the respective pure compounds. Within the existence range of
the layered GST modification, ¢ is lower in heterostructured
(CoGe,)o.15(GeTe),,Sb,Te; compared to (GeTe);,Sb,Te,,
while there is no influence in the (CoGe,)y,(GeTe);,Sb,Te,
sample and there is an increase for (CoGe,),,,(GeTe),4Sb,Te,
compared to the corresponding GST compounds. At elevated
temperatures, both (GeTe),,Sb,Te; and (GeTe),,Sb,Te,
exhibit slightly higher o than the heterostructured samples,
and there is no difference between (GeTe),oSb,Te; and
(CoGe,)g2,(GeTe),5Sb, Te,.

These results are reflected in the power factor S*s, which is
improved in all heterostructured samples at elevated temper-
atures. This effect is most pronounced for
(CoGe,)2,(GeTe)4Sb,Te,, where both S and o are increased.

As discussed in previous works, measurements of the heat
capacity of several GST materials'®*" yielded values close to
those obtained with the Dulong—Petit approximation,
especially when the reliability range of the single measurements
is taken into account.*® In the present cases, this approximation
thus introduces errors of only a few percent. There is no
significant difference in the thermal conductivities between
heterostructured and pure (GeTe),Sb,Te; with n = 12 and 17
(cf. Figure 3). For n = 19, a significant decrease upon
heterostructuring is achieved. Because the electrical conductiv-
ity is higher at the same time, the phononic contribution to the
thermal conductivity is significantly lower in heterostructured
(CoGe,)o2,(GeTe),4Sb,Te, than in (GeTe),,Sb,Te;.

The ZT values exhibit a plateau above ~400 °C (Figure 3).
Therefore, is it reasonable to discuss the maximum values. An
improvement of the ZT values upon heterostructuring is
observed, which becomes more pronounced with increasing .
Not numerically significant for n = 12, it is very pronounced for
(CoGe,)g2,(GeTe)4Sb,Te,, whose ZT values are higher than
those of (GeTe),,Sb,Te, over the whole measured temperature
range and reach 0.9 at 250 °C and 1.8 at 450 °C. These
improvements of up to 30% compared to the pure material are
significant. All measurements and peak ZT values of up to 1.9
for (CoGe,),,(GeTe),,Sb,Te, are reproducible in at least four
consecutive cycles (see Figure SS in the Supporting
Information).

4. CONCLUSION

Heterostructuring with cobalt germanides significantly enhan-
ces the thermoelectric properties of GST materials and yields
samples with a remarkable kinetic stability concerning the
amount, size, and distribution of precipitates. Samples can be
easily synthesized by fusing the elements and simple annealing
processes, in contrast to, e.g., syntheses that rely on time-
consuming mechanical alloying and sintering procedures. The
properties remain reproducible in many subsequent heating
and cooling cycles, and the maximum ZT values do not
decrease upon cycling. Most pronounced, the Seebeck
coefficient is increased by the introduction of precipitates,
which is most likely due to a decrease of the Hall carrier
mobilities or their overall concentration and overcompensates
occasionally lower electrical conductivities. The low overall

fraction of precipitates does not change the microstructure of
the matrix GST phase significantly, but still exhibits a
pronounced influence on thermoelectric properties. The types
and amounts of phases present do not change, except for the
well-known reversible phase transitions of the GST matrices.
Further optimization might include other types of precip-
itates and a thorough optimization of the precipitate content in
order to obtain optimum ZT values. Theoretical calculations
based on the single parabolic band model may help to approach
this in a targeted manner.”” The possibly complex interplay
between doping effects (both in the precipitates and in the
matrix phase) and scattering at interfaces and domain
boundaries remains a challenge for analytical methods.
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