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Various members of the solid solution series (GeTe),Agin,Sb;_,Te, can be obtained by quenching high-
temperature phases (x = 12 for y = 1 and x > 5 for y = 0.5). In contrast, high-temperature and high-
pressure conditions (2.5 GPa, 350 °C) are required for the synthesis of members with In contents >3.6
atom?% (such as x < 12 fory = 1 and x < 5 for y = 0.5) in order to avoid the formation of AginTe,. The
latter exhibits tetrahedrally coordinated indium atoms under ambient conditions and therefore does not
form mixed crystals with tellurides of germanium and antimony that are characterized by sixfold
coordinated atom sites. Solid solutions with x = 5 crystallize in rocksalt-type structures with octahedrally
coordinated indium, whereas the ones with x > 5 adopt the a-GeTe structure type (3 + 3 coordination).
Thus, in all samples investigated, 3 or 4 cations are disordered at one Wyckoff position. The quenched
high-temperature or high-pressure phases, respectively, are almost homogeneous. Their powder X-ray
diffraction patterns suggest pure phases; yet, high-resolution electron microscopy occasionally reveals a
very small extent of nanoscopic precipitates as well as dislocations and twinning.
(GeTe)s sAglng sSbo sTe, shows a maximal ZT value of 0.75 even when (partial) decomposition into the
TAGS material (GeTe);1AgSbTe, and chalcopyrite-type AginTe, has occurred at 300 °C. (GeTe)ssAginTe;
prepared under high-pressure conditions exhibits a ZT value of 0.6 at 125 °C, ie. far below the
decomposition temperature and thus is an interesting new low-temperature thermoelectric material.
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chalcopyrite structure type.” This shows the strong tendency of
In to be tetrahedrally coordinated. It is possible to obtain
comparable metastable, ie. kinetically inert, compounds with
octahedrally coordinated In by partially substituting In in AgInTe,
by Sb; however, high-pressure conditions are always required to
synthesize these compounds.® This substitution leads to the
rocksalt-type solid solution series AgIn,Sb; ,Te,. Its member
Agln, 5Sby sTe, exhibits a dimensionless thermoelectric figure of
merit ZT = S®0T/k (with the Seebeck coefficient S, the electrical
conductivity o, the temperature 7 and the thermal conductivity «)*
of 0.15 at room temperature (RT). Due to the solid-solution
alloying, the low thermal conductivities of both end members
AgInTe, and AgSbTe, (k ~ 2 W K 'm ' and 0.6 WK 'm '}
respectively) are further reduced to 0.4 W K" m ™" at RT. These
compounds decompose to chalcopyrite-type AgInTe, and rock-
salt-type AgSbTe, at temperatures >150 °C. In general, tellurides
crystallizing in these structure types exhibit very good thermo-

Introduction

Under ambient conditions, In is tetrahedrally coordinated by Te
in chalcopyrite-type AgInTe,." A rocksalt-type high-pressure
polymorph with octahedral coordination of In has been
described; however, upon decompression, this phase cannot be
obtained as a metastable material as it transforms back to the
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determined by SEM-EDX in Tables S1 and S2 and HRTEM images with the
corresponding SAED patterns of (GeTe)s sAgIn, sSbg sTe, and
(GeTe),AgIn, 5Sby sTe, showing dislocations and twinning in Fig. S1. Further
details of the crystal structure investigation are provided in the cif files. See
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electric properties: rocksalt-type compounds mainly due to their
low lattice thermal conductivities,® and materials with structures
derived from sphalerite (e.g Cu,Zn, ,Fe,GeSe,, CuGaTe,,
CulnTe,) predominantly due to their high Seebeck coefficients.”*°

This journal is © The Royal Society of Chemistry 2014
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Despite the lower « of Agln,sSbysTe,, the ZT value of
AgSbTe, at RT (~0.3) is higher due to its higher Seebeck
coefficient.” It is well known that the thermoelectric
properties of AgSbTe, can further be improved in solid solu-
tions with GeTe,"*® resulting in so-called TAGS materials
(GeTe),(AgSbTe,).***” These compounds have been the subject
of much investigation because of their high ZT values (up to 1.7)
at elevated temperatures.’®* Further optimization of TAGS
materials was achieved by substituting Ge with Sn as well as by
doping with rare-earth elements.?**> However, to the best of our
knowledge, the substitution of Sb with In has not been inves-
tigated, probably because many of these compounds cannot be
obtained by classical solid-state synthesis as they would contain
octahedrally coordinated In.

Consequently, solid solutions of GeTe, AgInTe, and addi-
tional AgSbTe, are intriguing as they would probably combine
the effects known from TAGS with the low thermal conductivity
of AgIn, sSby sTe, and thus might exhibit high ZT values. Here
we report on solid solutions (GeTe),(AgInTe,) which we call TIGS
in analogy to TAGS and on compounds (GeTe),Agln, sSby sTe,,
i.e. TAGS materials in which half of the Sb is substituted by In.

Experimental
Synthesis

Samples of (GeTe),AgIn,Sb,_,Te, (x = 1-12; y = 0.5, 1) were
prepared by reacting stoichiometric mixtures of the elements
(germanium 99.999%, Sigma-Aldrich; silver 99.9999%, Alfa
Aesar; antimony 99.9999%, Smart Elements; indium 99.996%,
Smart Elements; tellurium 99.999%, Alfa Aesar) at 950 °C for
12 h in sealed silica ampoules under an argon atmosphere. The
ampoules containing the resulting melts were quenched in
water and subsequently annealed for 3 days at 550 °C. After that,
the ampoules containing the annealed ingots were quenched in
water. This synthesis route yielded (GeTe),AgIn,Sb; ,Te,
samples with x = 12 and y = 1 as well as those with x = 5, 5.5, 7
or 12 and y = 0.5 which were homogeneous according to powder
X-ray diffraction patterns (¢f. section Crystal structure). Samples
with higher overall In contents, i.e. x =1, 5,5.5,7and y =1 or
x =1 and y = 0.5 were not single-phase (see below); they were
used as starting materials for further high-pressure (HP)
synthesis.

A multi-anvil hydraulic press (Voggenreiter, Mainleus, Ger-
many) was used for the HP experiments.?*® The finely ground
starting materials were densely loaded in crucibles sealed with
caps (material: hexagonal boron nitride, Henze, Kempten,
Germany). These were centered in two nested graphite tubes,
which acted as a resistance furnace. In order to keep the inner
graphite tube in place, the remaining volume at both ends of
the outer tube was filled with MgO discs. This arrangement was
surrounded by a zirconia tube and placed in a pierced Cr,0;-
doped MgO octahedron (edge length: 25 mm; Ceramic
Substrates & Components, Isle of Wight, Great Britain). In order
to electrically contact the graphite tubes, Mo plates were used
that were connected to two of the eight truncated tungsten
carbide cubes (truncation edge length: 17 mm), which served as
anvils for the compression. These cubes were separated by

This journal is © The Royal Society of Chemistry 2014
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pyrophyllite gaskets. Within two hours, this assembly was
compressed to 2.5 GPa. At this pressure, the temperature was
raised to 350 °C within 30 min and the samples were subse-
quently kept at this temperature for 8 h. Afterwards, the
samples were quenched to room temperature by switching off
the furnace. The arrangement was kept under pressure for
another hour to ensure that the sample was cooled down
completely before reducing the pressure to ambient conditions
within 6 h.

X-ray diffraction

Powder X-ray diffraction (PXRD) patterns of the finely ground
samples fixed between Mylar foils on a flat sample holder with
vacuum grease were collected using a Huber G670 Guinier
camera (Cu-K,, radiation, Ge(111) monochromator, A = 1.54051
A) with a fixed imaging plate and an integrated read-out system.

Temperature-dependent PXRD patterns were measured
using a STOE Stadi P diffractometer (Mo-K,; radiation, Ge(111)
monochromator, A = 0.71093 A) with an imaging plate detector
system in a modified Debye-Scherrer geometry. The powdered
samples were filled into silica glass capillaries (0.3 mm diam-
eter) under an argon atmosphere and sealed with vacuum
grease. Data were measured up to 600 °C at a heating rate of
10 °C min™" in 20 °C steps. For (GeTe)s sAgIn, sSb, 5Te,, further
diffraction patterns were recorded from 600 °C to RT at a
cooling rate of 5 °C min .

Phase homogeneity was evaluated using WINXPOW?” and
Rietveld refinements were carried out using the program
TOPAS.?®

Electron microscopy, diffraction and X-ray spectroscopy

A JSM-6500F (Jeol, USA) scanning electron microscope (SEM)
equipped with an energy dispersive X-ray (EDX) detector (model
7418, Oxford Instruments, Great Britain) was used for the
collection of X-ray spectra of representative parts of the
samples. The results of 5-15 point analyses were averaged.
The compositions determined can be found in Tables S1 and
S2 in the ESL¥

For high-resolution transmission electron microscopy
(HRTEM), the samples were ground, dispersed in ethanol and
distributed on copper grids coated with a holey carbon film
(S166-2, Plano GmbH, Germany) which were subsequently fixed
on a double-tilt holder. HRTEM images and selected area
electron diffraction (SAED) patterns were recorded using a
Titan 80-300 (FEI, USA) with a field-emission gun operated at
300 kV equipped with a TEM TOPS 30 EDX spectrometer
(EDAX, Germany). The images were recorded using an Ultra-
Scan 1000 camera (Gatan, USA, resolution 2k x 2k). For HRTEM
and SAED data evaluation, the Digital Micrograph and EMS
software packages were used;**** EDX data were evaluated
with ES Vision.*!

Thermoelectric characterization

The thermoelectric properties of (GeTe)ssAgIng sSby sTe,
prepared by quenching the sample from 550 °C were deter-
mined from 25 °C to 500 °C. The electrical conductivity ¢ was

J. Mater. Chem. A, 2014, 2, 6384-6395 | 6385
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measured in 50 K steps at a heating rate of 150 K h™* using the
van der Pauw method*” and pressure-assisted Nb contacts in an
in-house built facility at Caltech.*® The Seebeck coefficient S was
determined using Chromel-Nb thermocouples in steps of 61 K
at a heating rate of 150 K h™" and a temperature oscillation rate
of +7.5 K.** The thermal diffusivity Dy, was measured using a
LFA457 MicroFlash (Netzsch, Germany) laser flash system. The
thermal conductivity was calculated according to k = Dy,Cpd
with a calculated heat capacity C, using the Dulong-Petit
approximation and the density d determined by weighing the
sample and measuring its dimensions. The combined uncer-
tainty of the measurements is ca. 20% for the ZT value.

The thermoelectric properties of a (GeTe)s sAgInTe, sample
prepared under high-pressure conditions were characterized
between 4 K and 400 K using a physical property measurement
system (PPMS, Quantum Design). The temperature dependent
electrical resistivity p was measured using a standard four-probe
dc method by employing a constant current of 5 mA with a
cooling/heating rate of 2 K min™'; the estimated uncertainty of
p amounts to ca. 10%. The thermal transport option of the
PPMS with a cooling/heating rate of 0.5 K min~" was used to
measure the « and S values simultaneously. The measurements
relied on a relaxation method employing one heater and two
thermometers to determine the induced thermal voltage and
the temperature gradient along the sample. The uncertainty of
these values is approximately 5%.

Results and discussion
Sample characterization and optimal conditions for syntheses

The present investigation focuses on compounds
(GeTe),AgIn,Sb,_,Te, with x = 1, 5, 5.5, 7 and 12 for y = 0.5
and 1, which cover a broad range of In-substituted TAGS mate-
rials. The stoichiometry includes In contents from 16.7 atom% in
(GeTe)AgInTe, down to 1.8 atom% in (GeTe);,AgIng sSby sTe,.
Quenched melts with In-rich compositions such as
(GeTe),AgInTe, (x = 1-7) contain mixtures of chalcopyrite-type
AgInTe, and GeTe. In contrast, related homogeneous TAGS
materials, ie. (GeTe),AgSbTe,, are easily obtained.'> However,
syntheses under high-pressure and high-temperature condi-
tions (2.5 GPa and 350 °C for all high-pressure experiments
mentioned in this article) yield samples of, for instance,
(GeTe)AgInTe, and (GeTe)Agln, sSb, sTe, with a rocksalt type
structure whose PXRD patterns exhibit no reflections of side
phases (¢f. section Crystal structure).

The compositional range investigated allows one to
elucidate the influence of In on the reaction products under
various synthesis conditions. It turned out that samples of
(GeTe),AgInTe, with x < 12 and (GeTe),AgIn, sSby sTe, with
x < 5, all of which contain more than 3.6 atom% In, consist of
mixtures of AgInTe, and GeTe or (GeTe),,AgSbTe,, respectively,
both after quenching the melt and after quenching solid ingots
after annealing them at 550 °C. For such In-rich compounds,
high-pressure conditions are required to obtain samples that
are of single-phase according to their PXRD patterns. In contrast,
single-phase compounds (according to PXRD) with In contents
=3.6 atom%, ie. (GeTe);;AgInTe, and (GeTe),Agln, sSbysTe,
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with x = 5, respectively, can be obtained by quenching the
samples after annealing them at 550 °C (existence range of high-
temperature (HT) phases, ¢f. Thermal behavior section).

The chemical compositions of all compounds whose PXRD
patterns show no side phases were determined by SEM-EDX
measurements. They agree very well with the nominal compo-
sition (cf. Tables S1 and S2 in the ESIf).

Crystal structure

PXRD patterns of (GeTe),AgIn,Sb;_,Te, samples (¢f. Fig. 1 and
2) without reflections from side phases (synthesis with or
without HP depending on the In content as described above)
could be indexed assuming cubic metrics for x = 5.5; however,
for x = 5.5 the structure is rhombohedral (see below). Samples
with x > 5.5 clearly show reflection splittings in conformity with
rhombohedral unit-cell dimensions. All structures were refined
using the Rietveld method. Even if the metrics is cubic, rhom-
bohedral structures must be considered as suggested by the
reflection splittings for x > 5.5. Symmetry reduction is not
unusual in comparable compounds that are pseudocubic from
the point of view of lattice parameters. Therefore, refinements
in space groups with rhombohedral symmetry were tested,
especially in R3m, which corresponds to the a-GeTe type.*>™?
In the trigonal setting, the z parameter of the cations is a
measure of the formation of layers when the anions of the polar
structure are fixed on the origin. If z deviates significantly from
0.5, GeTe-type layers are formed which correspond to a binary
variant of the A7 structure type of gray arsenic.

The cation positions in all structure models were occupied
according to the nominal composition with Ge, Ag, In, and Sb if
present, refining a common displacement parameter for all
cations on a shared Wyckoff site (i.e. a common z parameter in
rhombohedral compounds); the anion position was occupied
with Te whose displacement parameter was refined individu-
ally. Due to the use of a flat sample holder, preferred orientation
had to be taken into account, using 4™ order spherical
harmonics with a single parameter for x < 5 (cubic) and with 3
parameters for x = 5.5 (trigonal). Anisotropic broadening of the
reflection profiles was refined for (GeTe),AgInTe, (with x = 5.5,
7 and 12) and (GeTe),AgIn, 5Sby sTe, (with x = 7 and 12) using
the LeBail-Jouanneaux algorithm.*® In addition to the profile
fits of the Rietveld refinements in Fig. 1 and 2, crystal data and
details of the structure refinement as well as the atomic
parameters are given in Tables 1 and 2, respectively, for the
TIGS compounds and in Tables 3 and 4, respectively, for the
quinary compounds. Further details of the crystal structure
investigation may be obtained from Fachinformationszentrum
Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax:
(+49)7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://
www.fiz-karlsruhe.de/request_for_deposited_data.html) on
quoting the depository numbers CSD 426809, 426800, 426805,
426808 and 426803 for (GeTe),AgInTe, with x = 1, 5, 5.5, 7 and
12, respectively, or CSD 426807, 426801, 426804, 426802
and 426806 for (GeTe),AgIng sSbysTe, with x = 1, 5, 5.5, 7
and 12, respectively. The corresponding cif files are also
available as the ESL.{

This journal is © The Royal Society of Chemistry 2014
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Fig.1 Rietveld fits for (GeTe),AginTe;, (x =1, 5, 5.5, 7 and 12; from top
to bottom — HP synthesis except for x = 12): experimental (black) and
calculated data (gray); difference plot (gray, below); and peak positions
(black, vertical lines).

This journal is © The Royal Society of Chemistry 2014

View Article Online

Journal of Materials Chemistry A

- (GeTe)AgIng 5Sby 5Te,

(GeTe)sAglIng 5Sbg sTe,

-}
— 4
-

(GeTe)s sAging 5Sby sTe,

2>
£
C
9
c
Té - l
] AA & .Jﬂ\ A
A —
[ I N} | i ] 1 I 1
| (GeTe);AgIng 5Sby 5Te,
AyﬂL A L_A__A
[} ] L]} I mn mm mnm
: (GeTe)y,AgIng 5Sb 5Te,
] m Y Y
ni Ii mi oun o ren
20 40 60 80 100
20/°

Fig. 2 Rietveld fits for (GeTe),AglngsSbgsTe, (x =1, 5, 5.5, 7 and 12;
from top to bottom — HP synthesis for x = 1): experimental (black) and
calculated data (gray); difference plot (gray, below); and peak positions
(black, vertical lines).
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Table 1 Crystal data and results of the Rietveld refinements of (GeTe)AginTe,, (GeTe)sAginTe,, (GeTe)ssAginTe,, (GeTe);,AginTe, and

(GeTe)12AgInTe,

Compound (GeTe)AgInTe, (GeTe)sAgInTe,

(GeTe)s sAgInTe, (GeTe),AgInTe, (GeTe);,AgInTe,

Asymmetric unit Gey3Ag;/3In,3Te Ges;7Ag7Iny;Te

Molar mass 225.94 211.29
(of asymmetric unit)/

g mol ™!

F(000) 378.5 354.3

Crystal system/ Cubic/Fm3m (225)
space group (no.)

zZ 4
Lattice parameters/A 5.96391(2) 5.95766(3)
Cell volume/A® 212.126(2)

Density (X-ray)/g cm > 7.075
Absorption coefficient/mm ™" 163.93
Radiation

20 range/°

No. of data points

No. of reflections 13
Constraints 2
Refined parameters/ 23/12
thereof background

211.460(3)
6.637
140.433

Ry/Ryp 0.0151/0.0216 0.0195/0.0277
Ruragg 0.0156 0.0108
Goof 0.746 0.974

Geq1/15A82/151N215Te
210.44

Gey9Agy0In, o Te
208.81

Ge12/14Ag1/14101/14Te
205.64

264.7 262.7

Trigonal/R3m (160)

258.7

3
a = 4.20056(2),
¢ = 10.4188(1)

a = 4.21824(2),
¢ =10.3378(1)

a = 4.18692(3),
¢ =10.5211(1)

159.302(2) 159.207(2) 159.728(3)
6.581 6.534 6.413
138.55 135.87 130.40
Cu-K,; (A = 1.540596 A)
20-100
16001
30
4
39/12

0.0170/0.0255
0.0117
0.941

0.0148/0.0204
0.0120
0.684

0.0206/0.0306
0.0062
1.101

Table 2 Atom positions, occupancy factors and isotropic displacement parameters (Biso in A2) for (GeTe)AginTe,, (GeTe)sAginTe,,

(GeTe)s sAginTe,, (GeTe);AgInTe, and (GeTe)pAginTe;

Sample Atom positions xyz s.o.f. Biso
(GeTe)AgInTe, Ge/Ag/In 000 1/3 1/3 1/3 1.508(15)
Te 0.5 0.5 0.5 1 0.797(12)
(GeTe)sAgInTe, Ge/Ag/In 000 5/7 17 1/7 1.980(14)
Te 0.5 0.5 0.5 1 0.810(11)
(GeTe)s sAgInTe, Ge/Ag/In 0 0 0.4834(4) 11/15 2/15 2/15 1.28(6)
Te 000 1 1.11(2)
(GeTe),AgInTe, Ge/Ag/In 0 0 0.48596(18) 7/91/9 1/9 2.05(3)
Te 000 1 1.057(14)
(GeTe);,AgInTe, Ge/Ag/In 0 0 0.47877(16) 12/14 1/14 1/14 1.81(3)
Te 000 1 0.847(18)

It turned out that the average structure of the samples with
x = 5 corresponds to the rocksalt structure type. The atom
positions refined in trigonal space groups (for testing purposes)
do not deviate from those of the rocksalt type, which in combi-
nation with the cubic unit cell confirms the assumption of a
cubic average structure. In these compounds, the lattice param-
eter a and thus the average cation-anion distance, which corre-
sponds to a/2, decreases with increasing Ge content both for TIGS
compounds as well as for the quinary (GeTe),AgIn, sSb,sTe,
phases. The lattice parameters of the latter phases are slightly
larger than those of the corresponding Sb-free TIGS samples.

The compounds with x > 5 display, however, rhombohedral
symmetry. Although for x = 5.5, the refined c/a ratios (2.451 for
(GeTe)s.sAgInTe, and 2.459 for (GeTe)s sAgIn, 5Sb, sTe,) deviate
only slightly from that of the rhombohedral setting of a cubic
unit cell (c/a = 2.449), the z parameter of the cations clearly

6388 | J Mater. Chem. A, 2014, 2, 6384-6395

indicates the formation of a-GeTe-type layers which precludes
cubic symmetry. This becomes more pronounced for increasing
GeTe contents (x > 5.5) where, in addition, the reflection split-
tings in the PXRD patterns strongly support rhombohedral
structures. With increasing GeTe content, i.e. from x = 5.5 to
x =12, the a lattice parameters become smaller and the c lattice
parameters become larger. These opposite trends lead to a non-
linear change of the unit-cell volumes. For the rhombohedral
TIGS compounds, the unit-cell volumes are smaller than those
of the quinary (GeTe),AglIn, sSbysTe, compounds. Yet, the
shortest cation-tellurium bond lengths are slightly larger in the
TIGS samples e.g. 2.8609(9) A for (GeTe);,AgInTe, and 2.8546(8)
A for (GeTe)1,AgIn, 5Sby sTe,, which can be explained by a less
pronounced tendency towards layered structures in TIGS.

Also note that the cations’ z parameter value of
(GeTe),AgInTe, does not lie between those of (GeTe)s sAgInTe,

This journal is © The Royal Society of Chemistry 2014
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Table 3 Crystal data and results of the Rietveld refinements of (GeTe)AgIngsSbosTe,, (GeTe)sAgingsSbosTe,, (GeTe)ssAglngsSbosTes,

(GeTe)7Ag | no_5sbov5T62 and (GeTe)leg | no_55b0_5Tez

Compound (GeTe)AgIng 5Sby sTe, (GeTe)sAgIng sSbg sTe,

(GeTe)s sAgIn, 5Sby sTe,

(GeTe),AgIng sSby sTe, (GeTe);,AgIng 5Sbg sTe,

Asymmetric unit

Molar mass 227.21 211.67
(of asymmetric

unit)/g mol "

F(000) 380 354.7

Crystal system/ Cubic/Fm3m (225)
space group (no.)

zZ 4
Lattice 5.99892(1)
parameters/A
Cell volume/A®
Density (X-ray)/
gem-
Absorption
coefficient/mm™
Radiation

20 range/°

No. of data points

No. of reflections 13
Constraints 3
Refined parameters/ 23/12
thereof background

5.97300(4)

215.883(1)
6.991

213.097(4)
6.598

163.48 140.28

1

Rp/Rup 0.0150/0.0210 0.0217/0.0313
Ruragg 0.0032 0.0043
Goof 0.722 1.120

Trigonal/R3m (160)

Gey/3Ag1/3In1/6Sb1/6Te Ges/7Ag /710114 Sbyj14Te Ge11/15A82/15IN1/15 Sb1/15Te Ge7j0Ag1/0INy 15 SD1/15T€ Ge12/14Ag1/14IN1/255b1/25Te

211.02 209.31 206.00

265.2 263.1 259.1

Trigonal/R3m (160)

3
a = 4.20712(5),
¢ = 10.4602(2)
160.340(6)
6.503

a = 4.2218(1),
¢ =10.3821(4)
160.255(11)
6.560

a = 4.18601(3),
¢ =10.5582(1)
160.222(3)
6.405
138.75

135.78 130.58

Cu-K,; (A = 1.540596 A)

20-100

16001

30 30

6 6
27/12 39/12

0.0165/0.0241
0.0064
0.781

0.0183/0.0252
0.0082
0.889

0.0233/0.0355
0.0064
1.310

Table4 Atom positions, occupancy factors and isotropic displacement parameters (Bjs, in A%) for (GeTe)Aglng sSbo sTes, (GeTe)sAglng sSbg sTes,
(GeTe)5_5AgIno_5Sbo_5Te2, (GeTe)7Ag|no_5Sbo_5Te2 and (GeTe)leglno_SSbo_STez

Sample Atom positions xXyz s.o.f. Biso
(GeTe)AgIn, sSby s Te, Ge/Ag/In/Sb 000 1/3 1/3 1/6 1/6 2.176(12)
Te 0.5 0.5 0.5 1 1.462(10)
(GeTe)sAgIn, sSby sTe, Ge/Ag/In/Sb 000 5/7 1/7 1/14 1/14 2.37(2)
Te 0.5 0.5 0.5 1 0.810(18)
(GeTe)s.sAgIn, sSb sTe, Ge/Ag/In/Sb 00 0.4857(8) 11/15 2/15 1/15 1/15 2.00(11)
Te 000 1 1.14(5)
(GeTe),AgIn, 5Sby sTe, Ge/Ag/In/Sb 00 0.4813(2) 7/9 1/9 1/18 1/18 1.65(4)
Te 000 1 1.32(2)
(GeTe);,AgIn, 5Sby sTe, Ge/Ag/In/Sb 00 0.47722(14) 12/14 1/14 1/28 1/28 1.71(3)
Te 000 1 0.991(19)

and (GeTe),,AgInTe,, which is probably related to the fact that
(GeTe)s.sAgInTe, and (GeTe),AgInTe, had to be synthesized
under HP conditions, whereas (GeTe),,AgInTe, was synthesized
by quenching the sample after annealing it at 550 °C.

Electron microscopy and diffraction

HRTEM and SAED were performed on (GeTe)s sAgIn, sSbg sTe,
and (GeTe),;AgIn, sSby sTe, which were both synthesized by
annealing the samples at 550 °C and subsequent quenching
through a two phase region (¢f. Thermal behavior section). The
former's metrics are very close to cubic, and the latter's are
clearly rhombohedral. Although the angle between the direc-
tions [012]* and [014]* (which correspond to cubic [110]* and

This journal is © The Royal Society of Chemistry 2014

[001]*, respectively) of (GeTe)s sAgIng sSbo sTe, is calculated as
89.7° from the structure model obtained by Rietveld refinement,
the SAED patterns in Fig. 3 show more pronounced deviations
from 90°. This may be due to local variations of the composition
- possibly as a consequence of the fast quenching - or metric
relaxation in the small crystallites investigated. In quenched
bulk samples the domains may be strained and thus the metrics
remain closer to those of the HT phase.

Although the samples appear homogeneous in PXRD
patterns, the HRTEM images in Fig. 4 and 5 show two different
kinds of precipitates. Both (GeTe)ss5AgIn,sSbysTe, and
(GeTe),AgIn, sSby sTe, contain Ag-rich precipitates (Fig. 4).
These may consist of Ag,Te, which was observed as a side phase
in AgSbTe,,* or Ag;Te,,*” which might be an intermediate phase
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Fig. 3 SAED patterns of the (100) zone axis of different crystallites in a
sample of (GeTe)s sAgling sSbo sTe, (a and b: different areas of the same
crystallite, c: other crystallite). The [012]* (horizontal) and [014]*
(vertical) directions are marked with dotted lines and the angle
between them is given; TEM-EDX analyses of the corresponding areas
are given below each SAED (calculated composition:
Gese6.7Ag6.7IN3.35b3 3Teso).

during the formation of Ag,Te. Both compounds exhibit d
values (e.g. 6.8 A, 3.4 A) close to those observed in SAED patterns
and Fourier transforms of HRTEM images. Fig. 5 shows In-rich
precipitates in (GeTe),AgIn, 5Sb, sTe, which most likely corre-
spond to AgInTe, which is also expected from the temperature-
dependent phase equilibria (see below). However, only very few
precipitates can be observed and they are too small to
contribute significantly to the PXRD patterns. The formation of
precipitates also causes slight deviations in the compositions of
the matrix crystallites which might contribute to the deviating
metrics observed in the SAED patterns in Fig. 3 as the most
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pronounced metric deviations occur next to the precipitates. In
addition, characteristic dislocations and twinning have also
been observed in these materials (¢f. Fig. S1 in the ESIT and also
weak additional maxima in Fig. 3a).

Thermal behavior

The fact that In-poor (GeTe),AgIn,Sb; ,Te, compounds with
x=12fory=1and x = 5 for y = 0.5 can be synthesized without
applying HP by annealing at 550 °C and subsequent quenching
may be explained by the existence of thermodynamically stable,
homogeneous HT phases. The PXRD patterns in Fig. 6 show the
temperature-dependent phase transitions of four rocksalt-
type samples during the heating process: (GeTe)AgInTe,,
(GeTe)AgIn, sSby sTe, and (GeTe)sAgInTe,, which were
prepared under HP conditions, and (GeTe)sAgIng sSbg sTe,,
which was prepared by quenching from 550 °C. Upon heating,
the cubic phases decompose by forming chalcopyrite-type
AgInTe,. Assuming complete decomposition as a reasonable
approximation, the main phase is GeTe or (GeTe),,AgSbTe,,
respectively. However, these might be doped with small
amounts of In. (GeTe)AgInTe, decomposes into AgInTe, and
GeTe at ~150 °C. No HT phase is formed, and both compounds
melt at individual temperatures. For (GeTe)AgIn, sSb, sTe,, the
decomposition reaction into AgInTe, and (GeTe),AgSbTe, starts
at ~200 °C. The intensity of the strongest reflection of AgInTe,
at ~11° 20 becomes weaker at around 520 °C, which might be
attributed to melting or a reaction with (GeTe),AgSbTe,, which
however does not result in a homogeneous quinary HT phase.
(GeTe)sAgInTe, shows a similar decomposition reaction as
(GeTe)AgInTe, starting at ~220 °C; however, a quaternary HT
phase is formed at ~480 °C and the reflections of AgInTe,
vanish completely. This re-reaction is also confirmed by the
non-linear increase in the lattice parameter a of the rocksalt-
type phase (best visible for the reflections at 31° and 34° 26).
Although a HT phase exists at 550 °C, quenching it does not
yield a homogeneous compound; AgInTe, was always found as a
side phase that made HP synthesis necessary as described
above (section Sample characterization and optimal conditions
for synthesis). Probably, the cooling rate is not sufficient to avoid
the partial decomposition. As expected, (GeTe)sAgIng sSby sTe,
decomposes into AgInTe, and (GeTe),,AgSbTe, at ~240 °C. A
quinary HT phase is formed which can be quenched to obtain a
metastable sample which is homogeneous according to its
PXRD pattern.

Temperature dependent PXRD of (GeTe)s sAgIn, sSby sTe,
(see Fig. 7, also concerning the numbering of the transitions)
reveals that in addition to the decomposition, structural phase
transitions of the trigonal compounds occur during heating and
cooling. At ~100 °C (1) the phase transition from trigonal
(e-GeTe type) to cubic (rocksalt type) takes place in the quinary
quenched compound. At ~240 °C (2) the compound decom-
poses into AgInTe, and - assuming complete decomposition —
(GeTe),,AgSbTe,. The homogeneous HT phase begins to form at
400 °C (3), whereas upon slow cooling, the decomposition into
AgInTe, and (GeTe);;AgSbTe, starts at ~340 °C (4). The
different temperatures for the formation and decomposition of

This journal is © The Royal Society of Chemistry 2014
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:

Ge32.9Ag13.1 In3.GS b2.1Te48.3

Ge29.1 A932.1 InS.OTe35.8

Ge36.9AgG.3I n4.GS bS.OTe47.3V

| Ge1B.OAg44.5| n4.1 Sb2.7Te30.6

Fig. 4 HRTEM images (zone axis (100) with respect to the rhombohedral matrices, top) of silver-rich precipitates in (GeTe)s sAglngsSbosTes
(left) and in (GeTe);Aglng sSbo sTe; (right) with corresponding Fourier transforms of the precipitates (insets) and SAED patterns (irradiated area: ca.
50-100 nm, bottom) with compositions (in atom%, from TEM-EDX, irradiated area: ca. 10-20 nm) of the matrix areas (a and c) and areas that
contain the matrix and the precipitates (b and d; b also shows twinning of the matrix, see also Fig. S1 in the ESI¥).

Fig. 5 HRTEM images viewed along the (100) zone axis of two different crystal areas of rhombohedral (GeTe);Aglng sSbosTe, with AginTe;
precipitates, the corresponding Fourier transforms (FT) and an SAED pattern of the crystallite corresponding to the HRTEM on the right side;
TEM-EDX of areas containing the precipitates yield Ge;AgsIn,gSbeTese (left) and AgaelnazTes; (right), and these analyses only show a trend as the
beam cannot be focused exclusively on the precipitates.

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Temperature-dependent X-ray powder diffraction patterns of (GeTe),Agln,Sb,_,Te, for x = 1 (top) and 5 (bottom); y = 1 (left) and 0.5
(right); asterisks (*) mark reflections caused by the furnace; the arrows mark the strongest reflection of AginTe,.
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Fig. 7 Temperature-dependent X-ray powder diffraction pattern of (GeTe)ssAglingsSbosTes: (1) the reflections become sharper as the
rhombohedral splitting of the a-GeTe type's pattern vanishes during the phase transition to the rocksalt-type structure; (2) decomposition to
AgInTe; and (GeTe);1AgSbTe;; (3) formation of a cubic quinary HT phase; (4) decomposition to AginTe, and (GeTe);;AgSbTe,; and (5) cubic to

trigonal phase transition of (GeTe);;AgSbTe,.

the HT phase, respectively, probably reflect time and particle-
size dependence. During heating (3), relatively large grains of
AgInTe, react with (GeTe);;AgSbTe, while during cooling (4)
AgInTe, grains need to nucleate and grow, and the very broad
reflections of nanoscale precipitates may not be visible in PXRD
patterns. As discussed above, there may be very small amounts

6392 | J Mater. Chem. A, 2014, 2, 6384-6395

of other nanoscale precipitates that do not contribute to the
PXRD patterns, especially when quenching leads through a two-
phase region. While AgInTe, remains present, the cubic to
trigonal phase transition (5) of the main phase (GeTe),;AgSbTe,
takes place at ~140 °C. The difference between the trigonal to
cubic (1) and cubic to trigonal (5) phase transition temperatures

This journal is © The Royal Society of Chemistry 2014
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is due to the change of the main phase's composition from
(GeTe)s.sAgIn,g 5Sby sTe, to (GeTe);;AgSbTe,. Therefore, the
phase transition temperatures increase and get closer to that of
pure GeTe.*®

High-temperature thermoelectric properties of
(GeTe)s sAgIng 5Sby sTe,

The thermoelectric properties of (GeTe)ssAgIng sSbysTe, (cf:
Fig. 8), which was prepared by annealing at 550 °C (stability
region of the quinary HT phase) and subsequent quenching can
be understood by the temperature dependent PXRD pattern in
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Fig. 8 Thermoelectric properties of (GeTe)s sAglng sSbg sTe, (heating
curves: M; cooling curves: A), from top to bottom: electrical
conductivity and resistivity (solid and empty symbols, respectively),
thermal conductivity, Seebeck coefficient and ZT value in comparison
to values for TAGS-85 (asterisks) taken from ref. 19.
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Fig. 7. During heating, o exhibits metallic characteristics and
decreases from 1100 to 750 S cm™'; this is only slightly affected
by the decomposition into chalcopyrite-type AgInTe, and
(GeTe),,AgSbTe,. However, for the quinary cubic HT phase o
increases again, probably because the interfaces caused by
nanoscopic AgInTe, precipitates (¢f. section Electron micros-
copy and diffraction) vanish and thus do not scatter electrons
anymore. Upon cooling, the characteristics of ¢ are parallel to
the heating curve. The heating and cooling curves of « are very
similar. In the two-phase region the slope of « is not as steep as
that for lower and higher temperatures. However, this part of
the « curve should not be over-interpreted as the assumption of
constant heat capacity (according to Dulong-Petit) may not be a
good approximation during the decomposition reaction. S
increases up to a maximum at ~300 °C, i.e. in the two-phase
area. For the quinary cubic HT phase, S decreases slightly with
increasing temperature. Upon cooling, S is slightly larger than
that at the same temperature during heating. This is a conse-
quence of the above-mentioned reactions and phase transi-
tions. In general, the characteristics of the thermoelectric
properties nicely reflect the phase transitions observed in the
temperature dependent PXRD pattern. The discussion of the
maximal ZT should be restricted to the cooling curve below
350 °C. During heating and in the two-phase regions, the
absolute values of the properties are not reliable (no well-
defined heat capacity; see above) and there may be a
pronounced time dependence due to reactions and nucleation
processes. The highest ZT value of 0.75 at 300 °C can be observed
close to the decomposition into AgInTe, and (GeTe);,AgSbTe,.
Low-temperature experiments are not promising, because the ZT'
value has already dropped to 0.35 at room temperature.

Low-temperature thermoelectric properties of
(GeTe)s sAgInTe,

The thermoelectric properties of the TIGS sample
(GeTe)s sAgInTe, (Fig. 9) were measured from RT down to 4 K
and then up to 400 K, ie. far below the decomposition
temperature. The heating and cooling curves for all properties
are almost similar within the experimental errors and do not
indicate pronounced irreversible processes (the slight deviation
between the « values during cooling and heating sequences
between 50 and 150 K is probably due to contact problems). The
subtle hysteretic behavior between 40 and 300 K may be
comparable to that observed in metastable modifications of
GeBi,Te, where the extent of the hysteresis could be correlated
with the average domain size of the crystalline samples.* The
high residual resistivity of 1.015 mQ cm together with the
remarkably small residual resistivity ratio of RRR = p(300 K)/
p(2 K) = 1.08 clearly confirms the presence of significant
disorder in (GeTe)ssAgInTe,. Furthermore, the sequential
change of the sign of the slope, dp/dT, supports the presence of
a crossover-scenario between a degenerated semiconducting
and a metallic-like behavior of (GeTe)s sAgInTe,. This observa-
tion may be due to different scattering processes caused (i) by
the temperature independent residual resistivity originating
from electron-impurity scattering (impurity atoms, grain
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Fig. 9 Thermoelectric properties of (GeTe)ssAginTe, (heating curve:
M ; cooling curve: A), from top to bottom: electrical conductivity and
resistivity (solid and empty symbols, respectively), thermal conduc-
tivity, Seebeck coefficient and ZT value in comparison to values for
TAGS-85 (asterisks) taken from ref. 19.

boundaries, etc.) and (ii) the temperature dependent contribu-
tion due to electron-phonon scattering. From 150 K to 400 K,
o(7T) exhibits metallic-like characteristics and the absolute
values between RT and 400 K are approximately in the same
range as the corresponding ones of (GeTe)s sAgIn, sSby sTe,.
The absolute « values of the TIGS sample are slightly larger
compared with those of (GeTe)ssAgIn,sSbysTe, at room
temperature. This hints at a less pronounced disorder in
(GeTe)s sAgInTe, vs. (GeTe)ssAgIn, sSby sTe,. The increase of
S is steeper for TIGS than for (GeTe)ssAgIn, sSbysTe,
which compensates the higher « and leads to a higher ZT
value of 0.6 at 400 K.
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Conclusion

Members of the solid solution series between GeTe and AgInTe,
or Agln, sSby sTe,, respectively, crystallize in disordered rock-
salt-type structures for GeTe contents 1 < x = 5 and in disor-
dered o-GeTe-type structures for 5 < x < 12. In such
(GeTe),AgIn,Sb,_,Te, phases, In is octahedrally coordinated by
Te or exhibits a 3 + 3 coordination in a trigonal antiprismatic
fashion, respectively, whereas in general, In prefers to be
tetrahedrally coordinated by Te. Thus, the synthesis of homo-
geneous In-rich samples with more than 3.6 atom% In (i.e. x <
12 for y = 1 and x < 5 for y = 0.5) requires high-pressure
conditions, because the octahedral coordination of In is ener-
getically favored under HP conditions (pressure-coordination
rule). Samples with an In content <3.6 atom% (i.e. x = 12 for
y=1and x = 5 for y = 0.5) do not require HP synthesis and can
be obtained by quenching after annealing the samples at
550 °C. All (GeTe),AgIn,Sb,_,Te, phases investigated decompose
into chalcopyrite-type AgInTe, and GeTe or (GeTe),,AgSbTe, for
y =1or 0.5, respectively, upon heating at ambient pressure. The
decomposition temperature depends on the In content and is
higher for samples with lower In contents. However, the cubic
HT phases of GeTe or (GeTe),,AgSbTe, react with small
amounts of AgInTe,. At high temperature, solid solutions are
favored by entropy as indicated by the observation of rocksalt-
type HT phases for In contents up to 7-8 atom% at tempera-
tures above ~450 °C (the exact temperature depends on the In
content). Although no side phase can be observed in the PXRD
patterns, quenching leads to nanoscopic precipitates of AgInTe,
and Ag-rich domains. Thus, the applied quenching rates cannot
completely suppress the nucleation of AgInTe, during the
decomposition reaction. (GeTe)ssAgIng sSbysTe, quenched
from the rocksalt-type HT phase exhibits a maximum ZT value
of 0.75 at 300 °C close to the decomposition into AgInTe, and
(GeTe)11AgSbTe, but only 0.5 at 125 °C where (GeTe)s sAgInTe,
prepared under HP conditions exhibits ZT = 0.6. As expected
the latter's « is slightly higher than that of the quinary
compound, but this is outbalanced by the higher Seebeck
coefficient. TIGS's ZT value is higher than that of the corre-
sponding TAGS-85" in the investigated temperature range.
Both the (GeTe),Agln, 5Sb, sTe, as well as the TIGS samples
show promising new ways towards high-performance thermo-
electric materials. While TIGS compounds prepared under
high-pressure conditions exhibit remarkable ZT values close to
RT and up to 125 °C, both the more pronounced disorder and
the decomposition of (GeTe)s5AgIn, 5Sby sTe, might provide
possible control parameters to decrease the thermal conduc-
tivity without significantly affecting the electrical conductivity.
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