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TOPICAL REVIEW — Progress in thermoelectric materials and devices
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The (GeTe),(AgSbTe;) 00—y alloys, also called TAGS-x in short, have long been demonstrated as a promising can-
didate for thermoelectric applications with successful services as the p-type leg in radioisotope thermoelectric generators
for space missions. This largely stems from the complex band structure for a superior electronic performance and strong
anharmonicity for a low lattice thermal conductivity. Utilization of the proven strategies including carrier concentration
optimization, band and defects engineering, an extraordinary thermoelectric figure of merit, z7', has been achieved in
TAGS-based alloys. Here, crystal structure, band structure, microstructure, synthesis techniques and thermoelectric trans-
port properties of TAGS-based alloys, as well as successful strategies for manipulating the thermoelectric performance, are
surveyed with opportunities for further advancements. These strategies involved are believed to be in principle applicable

for advancing many other thermoelectrics.

Keywords: thermoelectric, TAGS, band structure, lattice thermal conductivity, thermoelectric figure of merit

PACS: 74.25.fg, 74.25 fc, 74.25.F—, 81.20.—n

1. Introduction

Thermoelectric technology, which enables a mutual con-
version between heat and electricity through carrier trans-
port within a solid, has been widely used in power gener-
ation and refrigeration without moving parts, emissions and
noise. The conversion efficiency is dominantly determined by
the thermoelectric materials’ dimensionless figure of merit,
7T = ST /p(xg + k), where S, T, p, kg, and ki are the
Seebeck coefficient, absolute temperature, electrical resistiv-
ity, and electronic and lattice components of thermal conduc-
tivity, respectively. Thus, a highly efficient thermoelectric ma-
terial requires a high S, a low p, but a low k. However, the
electronic parameters including S, p, and kg are strongly cou-
pled with each other through the carrier concentration, leading
it difficult to obtain a net increase in z7' by optimizing one
single parameter.

The ki, is the only independent parameter determining
the thermoelectric performance. Therefore, ki -minimization
becomes a mainstream to enhance the thermoelectric per-
formance of materials. This can be effectively realized
by introducing various defects, such as zero-dimensional

7,8

point defects,'-% one-dimensional dislocations!”-8! and two-

dimensional interfaces, °~'?! for effectively scattering phonons

and thereby reducing xy.. Moreover, the features of com-

13,141 Jiquid-like ions,!" low sound

plex crystal structure,!
velocity, 1% and strong lattice anharmonicity!!”-!8] have been

demonstrated to accompany with an intrinsic low ki,, which
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are utilized as guiding principles for exploring novel thermo-
electric materials with a superior z7 .

Due to the existence of amorphous low-boundary limit
of x for a given material, numerous efforts have been
devoted to enhancing the electronic performance at opti-
mal carrier concentrations. Band engineering, including
band convergence!'*!/nestification!?®! for high band degen-
eracy (Ny), has been proposed and demonstrated to effec-
tively decouple the correlation among the electronic param-
eters (S, p, and Kg).
zT-enhancement in many thermoelectric materials, such as
PbTe,!'”) SnTe, 21221 GeTe,?3! CoSbs,**1 Mg,Si,[*! Zintl
compounds?®! and Te.[*’! Note that the small inertial effec-

This strategy enables a significant

tive mass (m})[?”! and low deformation potential coefficient
(Eget) 2] are proven to be beneficial for the high electronic
performance as well.

The IVA-VI, semiconductors, typically PbTe,2%-3]
SnTel3132] and GeTel®3-34 in a cubic structure, have been
widely demonstrated as promising p-type thermoelectric ma-
terials with an extraordinary z7'. This largely comes from the
coexistence of both L and X valence bands with a small en-
ergy offset (AE), where the L and X bands have a high band
degeneracy (Ny) of 4 and 12, respectively. 3! Therefore, a high
effective N, up to 16 can be achieved by aligning the L and X
bands, leading to an enhancement in z7'.

Recently, the crystal structure for rhombohedral GeTe has
been revealed to be a directional distortion of the cubic one
along [111] with the interaxial angle reducing from 90° (cubic)
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to 88.2° (rhombohedral) at room temperature.'>*! Such a dis-
tortion leads to an opposite arrangement in energy of the L and
X valence bands in rhombohedral GeTe, namely, low-energy
L band and high-energy X band. This unique band structure
guarantees a possibility of band manipulation and thereby a
superior electronic performance in rhombohedral GeTe. Even-
tually, a peak zT" higher than 2 has been achieved in rhombo-
hedral GeTe with a further help of ki -reduction.??!

As a derivative of GeTe, (GeTe),(AgSbTe;)i00—. al-
loys, also called “TAGS-x" (tellurium-antimony-germanium-
silver), have long been considered as a promising candidate
for p-type thermoelectric applications due to the high z7T' of
> 1.0 in a broad temperature range. In fact, TAGS-x have
been successfully utilized in radioisotope thermoelectric gen-
Numerous efforts have
been devoted to z7T-advancements of TAGS-x focusing on x
within 75-90. TAGS alloys retain the major features of the

band structure of GeTe, which inspires a band engineering by
36]

erators (RTG) for space missions.

manipulating AgSbTe, concentration for z7-enhancement. !
Moreover, compositional optimization and doping for power
factor improvement®”-38! and microstructure engineering for
ki -reduction®*491 have also been used for thermoelectric per-
formance enhancements of TAGS alloys.

In this review, we summarize the characteristics of crys-
tal structure, band structure and microstructure of TAGS alloys
for understanding the origin of superior thermoelectric perfor-
mance. The effective strategies leading to a great advancement
in thermoelectric performance of TAGS are surveyed. The de-
velopment of TAGS-based thermoelectric devices is also sum-
marized.

2. Crystal structure of TAGS alloys

(GeTe),(AgSbTe;)100—x alloys can be regarded as quasi-
binary solid solutions of GeTe and AgSbTe,;. At room tem-
perature, AgSbTe, crystallizes in a rock-salt structure (space
group of Fm3m) in which Te occupies the anion site while Ag
and Sb occupy the cation site randomly.*!) GeTe exhibits a
rock-salt structure (Fm3m) only at T > 720 K, and undergoes
a phase transition to a rhombohedral structure (space group
of R3m) at T < 720 K.[*?1 TAGS alloys maintain the crystal
structure features of GeTe, and the phase transition is also ob-
served in TAGS-x alloys with x > 80.143#4 Figure 1 shows
the crystal structure of (GeTe)ss(AgSbTe,);s (TAGS-85), as
an example of TAGS-x. For high-temperature cubic phase of
TAGS-85 (Fm3m), Ge, Ag and Sb occupy the cation sites (1/2,
1/2, 1/2), and Te occupies the anion site (0, 0, O).MS]

The low-temperature rhombohedral phase with an asym-
metric structure can be regarded as the result of the directional
distortion of the cubic structure along [111].1] The break-
ing of the symmetry leads to a split of the diffraction peak
into a doublet in the x-ray diffraction (XRD) pattern with de-
creasing temperature (Fig. 2(a)).1*0) This is further confirmed

by the change of the interaxial angle with decreasing tem-
perature, suggesting a phase transition temperature of 510 K
in TAGS-85 with an interaxial angle of 89.1° at room tem-
perature (Fig. 2(b)).1*) The interaxial angle for TAGS-x has
been illustrated to increase with decreasing x, corresponding
to an increase in phase transition temperature. In addition,

the interaxial angle increases to 90° when x < 80, therefore,

the TAGS alloys with x < 80 show a cubic structure at room
36]

temperature. [
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Fig. 1. Crystal structures of both cubic (solid line) and rhombohedral phases
(dashed line) for TAGS. The arrows indicate the lattice distortion from cu-
bic to rhombohedral. [*3] Reproduced under the terms of the CC-BY Creative
Commons Attribution 3.0 License.!*3] Copyright 2014, IOP Publishing Ltd
and Deutsche Physikalische Gesellschaft.
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Fig. 2. Temperature dependent XRD patterns (a) and interaxial angle
as a function of temperature (b) for TAGS-85 alloys.!*¢! Reprinted from
Ref. [46], with the permission of AIP Publishing. Copyright 2007 Ameri-
can Institute of Physics.

3. Band structure of TAGS alloys

The parameters of band structure, including the band de-
generacy near Fermi level (Vy), band effective mass (my}) and
band gap (Eg), provide a detailed understanding of charge
carrier transport properties. TAGS alloys retain not only the
crystal structure but also the band structure of GeTe. Fig-
ure 3 shows the effect of rhombohedral distortion on the Bril-
louin zone and the hole Fermi surfaces in degenerately doped
TAGS.*] The distortion splits 4L carrier pockets into 17 + 3L
and 12X pockets into 61 + 6X in the Brillouin zone, respec-
tively. Moreover, the 61 +6X valence bands become the high-
energy bands as well as valence band maximum in rhombohe-
dral TAGS alloys. This opens many possibilities for increasing
the overall N, up to 16 by aligning the valence bands for en-
hanced electronic performance in TAGS alloys.

047401-2
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Fig. 3. The Brillouin zones and Fermi surfaces for rhombohedral (a) and
cubic (b) phases of TAGS.!*! Reproduced under the terms of the CC-BY
Creative Commons Attribution 3.0 License.*3] Copyright 2014, IOP Pub-
lishing Ltd and Deutsche Physikalische Gesellschaft.

The density of state (DOS) effective mass (m} = vz / 3mf;)

for the different valence bands is calculated assuming the m;;
of 0.51 m, for n and X bands and 1.15 m. for L and T
bands.[*! The calculated results are listed in Table 1. The
increased N, enables multiple channels contributing to the
charge transport and thus increases the electrical conductivity
without explicitly decreasing the Seebeck coefficient. The my
significantly increases with increasing Ny, enabling a superior
electronic performance for rhombohedral TAGS alloys.

Table 1. Possible configurations of bands participating in transport and re-
sulting degeneracy and calculated density of state effective mass (mz).[“s]
Reproduced under the terms of the CC-BY Creative Commons Attribu-
tion 3.0 License.[*>] Copyright 2014, IOP Publishing Ltd and Deutsche
Physikalische Gesellschaft.

Pockets participating in conduction Degeneracy Ny Calculated m}j/m

1xT 1 1.15
1xT,3xL 4 2.89
IxT,3xL,6xn 1 3.69
I1xT,3xL,6x1n,6xX 16 4.42

4. Microstructure of TAGS alloys

The lattice thermal conductivity (ki) is an important pa-
rameter determining thermoelectric performance, and a low
ki, is essential for realizing extraordinary z7. TAGS alloys
show a low ki, which is long considered to originate from the
strong point defect phonon scattering by the alloying of GeTe
and AgSbTe,. Until 2000s, the presence of nanoscale compo-
sitional modulations is revealed to be responsible for the low
kL in the PbTe-AgSbTe, (LAST) alloys,*”! which promotes
many researchers to focus on the microstructures of TAGS for
understanding the origin of the low « .

The in-situ elevated-temperature transmission electron
microscopy (TEM) observation on TAGS-85 alloy shows the
presence of twin-boundary defects (Fig. 4(a)) along with
high-density antiphase domains (Fig. 4(b)) in rhombohedral
TAGS. #6481 The twins are the result of inherently structural
modulations, causing by the lattice strain imposed by the
rhombohedral distortion along the [111] crystallographic di-
rection. Moreover, nanodomains with a typical size of ~
10 nm are found in the TAGS-80,1*°! as shown in Fig. 5. The
large number of twin-boundary defects and nanodomains pro-
vide the extra sources for phonon scattering in TAGS alloys.

Fig. 4. Bright field TEM images of twinning (a) and antiphase domains (b)
in as-solidified TAGS-85.146) Reprinted from Ref. [46], with the permission
of AIP Publishing. Copyright 2007 American Institute of Physics.

Fig. 5. Low-resolution TEM image (a) and high-resolution TEM image
and selected area electron diffraction (SAED) pattern (b), (c) and magnified
high magnification regions of A (d) and B (e) with the fast Fourier trans-
forms (FFT).[*°! Republished with permission of IOP Publishing Ltd, from
Ref. [49]; permission conveyed through Copyright Clearance Center, Inc.
Copyright 2008 IOP Publishing Ltd.

Based on the TEM observations on TAGS-80 and TAGS-
85 alloys, the microstructure features are found to be related
to the composition. The atom probe tomography (APT) mea-
surements are carried out on TAGS-50 and TAGS-85 alloys for
clarifying the difference in microstructure.**! High-density
Ag- and Sb-rich nanoprecipitates are observed in TAGS-50
alloy (Fig. 6(a)). However, TAGS-85 alloy shows an appear-
ance of Ag- and Ge-rich precipitates (Fig. 6(b)). All these de-
fects observed in the TAGS alloys with different compositions
would contribute to the low lattice thermal conductivity.

047401-3
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Fig. 6. The 3D APT maps of TAGS-50 (a) and TAGS-85 (b).*) Reproduced
under the terms of the Creative Commons CC BY License.[?! Copyright
2020 The Authors, published by Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.

50 nm

5. Thermoelectric properties of TAGS alloys
5.1. Synthesis of TAGS alloys

The thermoelectric properties of TAGS-x alloys with dif-
ferent x have been widely investigated. GeTe-rich TAGS al-
loys (x > 75) are proven to have a high z7', which largely stems
from the superior electronic performance. Thus, existing in-
vestigations in TAGS mostly focus on compositions of x > 75.
Thermoelectric properties of TAGS-x alloys are highly sensi-
tive to the synthesis process. Minor phases including Ge-rich
and Ag-rich phases, or AggGeTeg are frequently observed in
TAGS alloys due to the high vapor pressures for the volatile
elements of Te and Sb.[48-50-521

The techniques used to synthesize TAGS alloys could fall
into three categories: (1) melting (M) and annealing (A) ap-
proach, which involves melting of pure elements with subse-
quent annealing and consolidating processes; (2) melt spin-
ning (MS); (3) high-energy ball milling (BM). The latter two
techniques are particularly applicable for preparing materials
with fine grain, followed by a high-temperature sintering by
hot-press (HP) or spark plasma sintering (SPS). The details
of the synthesis techniques and relevant thermoelectric per-
formance for the reported TAGS-x alloys with different x are
listed in Table 2. It is found that quite different z7's can be
realized in alloys with the same nominal composition. This

can be presumably understood by the different phase compo-
sitions and microstructures of the obtained samples using dif-
ferent synthesis methods, which determine the thermoelectric
properties. The phase compositions of TAGS are highly re-
lated to the synthesis process, due to the greatly different va-
por pressures for the constituent elements. Taking TAGS-85
for example, single-phase thombohedral samples exhibit the
best thermoelectric properties.l>’! The precipitation such as
AggGeTeg is detrimental to its electronic performance.%-3]
However, the single-phase TAGS-85 can only be obtained by
careful control of the synthesis conditions, such as annealing at
an intermediate temperature for a long holding time, whereas
shorter holding time gives multiphase mixtures of rhombohe-
dral phases with slightly different lattice parameters, and even
the metastable cubic phase, implying the variation of chemical
compositions. >3] Moreover, the distributions of microstruc-
tures mentioned above for TAGS are diverse with different
synthesis methods,3%:40:4934=36] which involve the difference
of homogeneity, grain size, crystallinity and the dimension of
microstructures.

Table 2. Synthesis techniques and thermoelectric performance of the TAGS-

x alloys.

Samples Synthesis ZT max
method

TAGS-75071 MA+HP 1.0/750 K
TAGS-754! M+HP 1.5/720K
TAGS-751581 M+ SPS  0.7/625 K
TAGS-8057) MA+HP 1.5/750 K
TAGS-804 M+HP 1.5/720 K
TAGS-800°! MA+ SPS 1.0/750 K
TAGS-8001 M+HP 1.75/773 K
TAGS-85071 MA+HP 1.4/750 K
TAGS-85038] M 1.2/700 K
TAGS-85071 M 1.3/730 K
TAGS-851% M+HP 1.5/720K
TAGS-850° MA+ SPS 1.4/700 K
TAGS-8501 M+HP 1.4/773K
TAGS-850501 MA 1.3/773 K
TAGS-85 133 MA 0.4/673 K
TAGS-85100] MA+ SPS 1.4/727K
TAGS-82, TAGS-87, TAGS-905%1 MA+ SPS 0.8/750 K
TAGS-90157! MA+HP 1.0/750 K
TAGS-904% M+HP  0.5/720 K
(GeTe)75(AgSbTe;)23.75(AgSbSes ) 1.5 8! M+SPS  1.2/625 K
(GeTe)o 8[(AgaTe).4(SbaTes)o.610.21"! MA  L7/700K
(Ge.96Sb0.04 Te)o.o[(Ag2Te)o.4(SbaTes)o61o.1 1*® MA+HP  1.8/725K
(Geo.97Sb0.03Te)o.s[(Aga Te)o.a(SbaTesz)o.6l0.2 3! MA-+HP  1.8/700 K
TAGS-85+1% Ce!38! M 1.5/700 K
TAGS-85+1% Yb!38] M 1.5/700 K
TAGS-85+1% Yb4 BM-+HP 1.8/730K
TAGS-85 + 1% DyB7"! M 1.5/730 K
Geg74Ag0.13Sbo.11Ndg oo Te [0V MA+SPS 1.65/727 K

(Ago.3SbTey 9)15(GeTe)ss [°2]

M+MS+HP 1.5/750 K

(AgosSbTe; 9)15(GeTe)gs 62! M+HP  1.4/750 K
(Ag1.02Sbo.ogTe 08 )15(GeTe)gs 03] M+HP 1.4/744K
(Ago.6SbTe; 8)15(GeTe)gs ! M+HP  1.5/700 K

(Ago6SbTe 8)15(GeTe)gs !
Geo.53A20.135b0.2700.07Tey 14
(GeTe)go(AgySba—yTes_y) 10!

(GeTe)s 5Aglng 5Sby 5 Te 1!

M+MS+HP 1.6/750 K

MA
M-+HP

1.3/433 K
1.7/770 K

MA+HP 0.75/573 K

047401-4
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5.2. Ag/Sb ratio manipulation

The AgSbTe, can be regarded as a solid solution be-
tween AgrTe and SbpTes. Thus, the TAGS-x alloys can be
further expressed as (GeTe),[(AgxTe).s(SbaTes)o.sl100—x, in
which the tuning of Ag/Sb atomic ratio has been proven to
be an efficient approach for enhancing thermoelectric perfor-
mance of TAGS. The deviation of stoichiometry in AgSbTe,
towards the Sb,Tes side can lead to an obviously higher z7T in
TAGS-based alloys. 40436165 Study of several compositions
in the system (GeTe);_,[(AgaTe);_,(SbaTes),], with y = 0.6
and y = 0.75 shows that the sample of x = 0.2, y = 0.6 has a
high zT of 1.68 at 700 K.[®!] The peak z7 of 1.7 has been re-
alized in the TAGS-90 alloys with a Ag/Sb ratio of 2/3, which
is 30% higher than that of (GeTe)go(AgSbTes)10.1%°! Addi-
tionally, the manipulation of the Ag/Sb ratio is also used in
(GeTe)ss(AgySbTe, /51 1.5)15 with x = 0.4-1.2 for thermoelec-
tric performance enhancement. It is found that the carrier con-
centration can be tuned in a broad range of 3 x 1020-12.5 x
10%° ¢cm~2 (Fig. 7(a)) by manipulating the Ag/Sb ratio.[*! In-
terestingly, an increased my is obtained in the samples with
high carrier concentrations (Fig. 7(b)), which is stated to be
attributed to the increased N, by Fermi level deepening into
the low-lying valence band. Thus, the increased m} enables
an increase in Seebeck coefficient as well as electronic perfor-
mance (Fig. 7(c)).

16 6
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Fig. 7. Temperature dependent carrier concentration (a), Fermi energy
dependent density of state effective mass (b) and temperature dependent
power factor (c) for TAGS-85 with different Ag/Sb ratios.*] Repro-
duced under the terms of the CC-BY Creative Commons Attribution 3.0
License.[*! Copyright 2014, IOP Publishing Ltd and Deutsche Physikalis-
che Gesellschaft.

Thus, the Ag/Sb ratio of ~ 2/3 has been proven as the
optimal composition in TAGS for the optimization of carrier
concentration. Fixing the Ag/Sb atomic ratio at Ag:Sb=2:3,
the effect of (AgaTe)o.4(SbaTes)o.6 concentration on thermo-
electric properties of (GeTe);_.[(AgaTe)o.4(SbyTes)oely al-
loys has been investigated.’%] The interaxial angle and n;
increase with increasing (AgyTe) 4(SbaTes)o.¢ concentration,

and the interaxial angle turns into 90° as the concentration up
to 25%. The increased mj leads to an enhancement of See-
beck coefficient along with a reduction in Hall mobility due to
the additional carrier scattering by point defects. Meanwhile,
the lattice thermal conductivity lower than ~ 0.7 W/m-K in
the entire temperature range and the lowest value of only
0.45 W/m-K are achieved in TAGS-80 with Ag/Sb ratio of 2/3.
Eventually, a peak zT" of ~ 1.8 and an average one of ~ 1.37
in 300-800 K are realized.

5.3. Rare-earth-element doping

In order to enhance thermoelectric performance of TAGS,
the rare-earth-element of Ce and Yb with the localized mag-
netic moment are used to substitute at Te site for introduc-
ing resonant states near the Fermi level, which enables a sig-
nificant increase in Seebeck coefficient as well as electronic
performance. 38! As a result, a peak z7 of 1.8 is realized in Yb-
doped TAGS-85.140-541 T addition, substitutions of rare-earth-
element Dy at Ge and Te sites have also been proven to ef-
fectively enhance thermoelectric performance in TAGS-85.[37]
Such an enhancement dominantly results from the energy fil-
tering of the carriers by potential barriers due to the large
atomic size and localized magnetic moment of Dy. Nd sub-
stitution at Sb site is found to be effective on reducing carrier
concentration (Fig. 8(a)).1% The optimization of the carrier
concentration leads to an enhanced S?>c of 32 pW-cm™!- K2
(Fig. 8(b)) and an extraordinary z7 at 727 K in 2% Nd-doped
TAGS-85 (Figs. 8(c) and 8(d)), which is comparable to that of
Ce-, Yb-, and Dy-doped TAGS-85.

ol (b)
Ge 7478 1350y 13-, Nd, Te
- x=0
—0— x=0.02
x=0.04

S0 (uW em™ K?)

T T T T T
TAGS-85 0.02Nd 0.04 Nd 300 400 500 600 700
T (K)

20 (d)

1.51 @768K
1.53 @723K
1.65 @727K

1.43 @722K
1.5 @678K

2T
L

0.84

1% Dy at Ge site (Ref. 31) 149 @722K

1% Dy at Te site (Ref. 31)
1% Ce at Te site (Ref. 30)
1% Yb at Te site (Ref. 30)

2% Dy at Ge site (Ref. 31)
2% Nd at Sb site (this

300 400 500 600 700
T (K)

TAGS-85 Allies

Fig. 8. Room temperature carrier concentration (a), temperature-dependent
electronic performance (5%26) (b) and zT (c) for Geo.74Ag0.13Sbg.13—xNd, Te
(x =0, 0.02, and 0.04). Maximal z7" (d) for Gep74Ag0.13Sbo.11Ndg 02 Te
with a comparison to that of the reported TAGS-85 doped with rare-earth-
element. [®0] Reproduced under the terms of the Creative Commons Attribu-
tion License (CC BY 4.0).[99 Copyright 2021 Wan Yu Lyu et al. Exclusive
Licensee Beijing Institute of Technology Press.
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5.4. Lattice thermal conductivity

TAGS alloys have been revealed to possess a low lattice
thermal conductivity, while it is still higher than the amor-
phous limit estimated by the recently developed model tak-
ing into account the periodic boundary conditions (Ki“i“ ~
0.13 W/m~K).[67’68] Therefore, a further reduction in lattice
thermal conductivity is still necessary for z7-maximization.

It has been illustrated that the carrier mean free path for
TAGS-85 is comparable to the lattice parameter, indicating a
possibly minimal carrier mobility, the Ioffe-Regel limit. 40!
This suggests that further reduction in grain size can be bene-
ficial for ki reduction while affect carrier mobility negligibly.
A synthesis technique of melt spinning is applied to prepare
the samples with fine grain. The lattice thermal conductivity
(Fig. 9(a)) for TAGS-85 alloys with different Ag/Sb ratios is
found to effectively reduced due to the strengthened phonon
scattering by extra grain boundary (Fig. 9(b)).

(@™ . . . . -
13} (Ag,SbTe,,,,5)i5(CeTe), |
—.;‘ 1.2} -e-AQ
vE . a\\
s
<1.0f
09}
300K
0.8
0.4 0.6 0.8 1.0 1.2

x (Ag/Sb ratio)

Fig. 9. Lattice thermal conductivity at room temperature for air cooled and
melt-spinning TAGS-85 alloys with different Ag/Sb ratios (a), SEM im-
age of melt-spinning ribbon of TAGS-85 alloy (b).**] HRTEM image and
ZT values of Geg 53Ag0.13Sb.27000.07Te; with a comparison to TAGS-80
and TAGS-85.141 (a), (b) Republished with permission of Royal Society of
Chemistry, from Ref. [40]; permission conveyed through Copyright Clear-
ance Center, Inc. (c) Reprinted with permission from Ref. [64], Copyright
2014 American Chemical Society.

In addition to the grain boundary phonon scattering, intro-
duction of cation vacancy is also used to effectively reduce ki,
of TAGS.!0% Geg.53A80.135bg.2700.07Te; exhibits “parquet-
like” multidomain nanostructures with finite intersecting va-
cancy layers (Fig. 9(c)), which is similar to the nanostruc-
ture observed in silver-free (GeTe),,Sb,Tes. These introduced
short-range ordered cation vacancies act as phonon scatter-
ing centers, and lead to a significantly reduced lattice thermal
conductivity. An extraordinary z7 up to 1.3 is achieved in
Gep.53Ag0.13Sbo.2700.07Te; at 433 K, a temperature far below
the phase transition temperature. This work opens possibility

of TAGS alloys as a candidate for low-temperature thermo-
electric applications.

Inclusion of a compound with an ultralow ki, as a sec-
ond phase has been developed as an effective approach for
reducing xi of a composite.[®! The phase compositions of
the TAGS are sensitive to the Ag/Sb ratio. AggGeTeg precipi-
tates could be observed in the samples with Ag/Sb ratio higher
than 1.193] AggGeTeg has been proven as a promising ther-
moelectric material with an ultralow lattice thermal conduc-
tivity of ~ 0.26 W-m~!.K~! at room temperature.’”) Thus,
a low ki, as low as ~ 0.2 W-m~1.K~! at 700 K is realized
in (GeTe)ss(AgySba_,Tes_y)1s with y = 1.3,[63 which can be
reasonably understood by the contribution of AggGeTeg pre-
cipitates. The similar case has also observed in SnSe with
AggSnSeg precipitates. 6]

6. Thermoelectric applications of TAGS alloys

The conversion efficiency for power generation primar-
ily depends on the thermoelectric figure of merit (z7") and the
temperature difference (AT) between the hot and cold sides of
a device. Due to the outstanding thermoelectric performance,
TAGS alloys have been often chosen as a p-type legs for high-
efficiency thermoelectric devices, which have been used in ra-
dioisotope thermoelectric generators for aerospace missions
executed by National Aeronautics and Space Administration
(NASA), including the two Viking Mars landers (1976) and
the Pioneers 10 and 11 (1972-1973). Moreover, the TAGS re-
lated RT'Gs are also used in the desert and arctic environments,
such as the meteorological relay station in California and ten
seismic detectors in Alaska.[”!]

In the early days, p-type TAGS alloys usually mate
with n-type PbTe alloys. For single-leg or single-stage
couples without segmentation, the power generation effi-
ciency for TAGS-based devices ranges from ~ 4% to ~ 10%
(Fig. 10(a)).57-72-74] The rare earth element (1% Yb or Ce)
doped TAGS-85 alloys (identified as “e-TAGS”), developed
recent years, exhibit a promising potential for thermoelectric
applications. 383473741 A three-stage device, incorporating e-
TAGS materials, shows a peak device conversion efficiency as
high as ~ 20% with a AT of 750 K.

In addition to the high zT for a high conversion efficiency,
high service stability, essentially requiring thermoelectric ma-
terials with good mechanical properties, is also important for
a thermoelectric device. Since the 2000s, great efforts have
been devoted to optimizing the synthesis procedure for highly
dense materials with excellent mechanical properties and low
thermal expansion coefficients. >l The thermal expansion co-
efficient for TAGS-80 has been decreased from 18.5 ppm/K to
13.3 ppm/K by the optimization of the synthesis procedure. 7]
In addition, (GeTe),(AgSbTes) 00—y alloys with high Vickers
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hardness have fabricated by a combination of gas atomization

. . 76
and hot-extrusion process (Fig. 10(b)).[76]
300
(a) 2f 7 ()
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Fig. 10. Temperature difference (A7) dependent thermoelectric power
generation efficiency (1) for TAGS based thermoelectric devices. 727!
(a), and Vickers micro-hardness values of (GeTe),(AgSbTes)ip0—x (x =
75, 80, 85 or 90) alloys fabricated by gas-atomization and hot-extrusion
processes.!’% (b) Reprinted by permission from Springer Nature Customer
Service Centre GmbH: Springer Nature, Journal of Electronic Materials, 7!
Copyright 2017, The Minerals, Metals & Materials Society.

7. Summary

In summary, TAGS-x alloys, especially those with x
within 75-90, well retain the features of crystal and band
structures of GeTe. The phase transition of cubic-to-
rhombohedral provides a possibility of the band engineering
by the variation of the interaxial angle, and thus a superior
electronic performance. The inherently low lattice thermal
conductivity, stemming from the strong anharmonicity and ex-
tra phonon scattering by defects, successfully ensures high z7's
in both thombohedral and cubic TAGS with optimal composi-
tion, leading these alloys to be promising p-type candidates for
middle-temperature thermoelectric applications. Efforts have
been made including adjusting the ratio of Ag/Sb and rare-
earth-elements doping for the power factor improvement, and
microstructure engineering such as grain refinement, introduc-
tion of high-concentration cation vacancies and composting
second-phase materials with low thermal conductivity for de-
creasing the ki.. Through these efforts, the thermoelectric fig-
ure of merit has been significantly improved in TAGS-based
alloys. Further considerations about the future directions in
TAGS-based thermoelectrics are shown below.

A manipulation of the band structure by tuning the in-
teraxial angle with a negligible effect on the carrier mobility
is important, which highly relies on the discovery of efficient
solvent to increase the band degeneracy. This might open new
possibilities for electronic performance enhancement. Ther-
mally, according to the model predictions, the experimentally
reported lattice thermal conductivity, especially near room
temperature, is still much higher than its theoretical minimum,
suggesting an available room for a further reduction. This is
likely realizable by manipulating the hierarchical microstruc-
tures, including the dislocations. In terms of thermoelectric
devices, promoting the TAGS materials with optimized ther-
moelectric properties and improved mechanical strength to the

fabrication of devices will benefit the thermoelectric applica-
tions of TAGS. Particularly, development of the TAGS-based
devices for thermoelectric applications near room temperature
can be of great interest in the future, due to its highly compet-
itive performance and good mechanical properties.
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