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Driven by the burgeoning demand for high performance eco-friendly thermoelectric materials in the
mid-temperature range (573-773 K), we herein focus on GeTe based alloys that exhibit a high thermo-
electric figure-of-merit >2.0 owing to their promising band structure with a conversion efficiency of
~13.3% for the segmented module and ~14% for the single leg device. However, the drawback is the
phase transition at ~700 K, which is inevitable, and the irony is that practical application of
thermoelectrics has no space for phase transition, as it can be detrimental owing to the unexpected
change resulting in deterioration of the devices under operation, thus limiting their mass-market
applications either as power generators or as refrigerators. Nevertheless, a comprehensive review is
needed for finding ways to cease or abase the phase transformation in the operating temperature
regime. In this regard, the most recently developed GeTe-based thermoelectric materials are reviewed
coupled with the blooming paradigm, i.e., entropy engineering. The review article thus summarizes the
concept of entropy engineering owing to its contribution to boosting thermoelectric performance by
increasing the configurational entropy of the system and cites several case studies. Towards the end,
future scope and directions were proposed to use entropy tailored GeTe based alloys for the
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1. Introduction

Power generation using the concept of thermoelectricity has
proven its reliability in planetary explorations owing to its
ability to directly transform heat into electricity. Nonetheless,
the doomed efficiency impedes its broad application.”? Inno-
vative research conducted by the thermoelectric community in
the last decade has improved the performance of thermoelec-
tric devices significantly, which led to energy harvesting from
natural and waste heat and thus provided an alternative
solution to mitigate the energy crisis.> ™' The conversion effi-

ciency of a TE device is defined by the figure of merit (ZT) of the
2

(ke + K1)
the Seebeck coefficient, ¢ implies the electrical conductivity,
and k. and x; are the electronic and lattice thermal conductiv-
ities, respectively, at temperature T.'""?

Various strategies were adapted in the past to enhance the
ZT, which include optimization of carrier concentration (n) and
point defect scattering, causing the peak Z7 to hover around 1.
However, the recent concepts and approaches proposed by the

thermoelectric alloy given by ZT = T, where o implies
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development of high efficiency power generators.

thermoelectric materials researchers, which include the design
of new alloys proposed by Slack, i.e. phonon glass electron
crystals,”® wherein different properties can be exploited syner-
gistically, have revolutionized the field."*® It is worth men-
tioning that, in the field of thermoelectricity, it is essentially
the inter-coupling of electrons (or holes) and the phonon
flow mediated by defects that determines the performance of
thermoelectric materials. Thus, defect engineering via two
fundamental strategies, ie. band engineering and phonon
engineering, is frequently considered to tailor thermoelectric
properties (as shown in Fig. 1). Using different dopants in the
main matrix, the power factor is improved by altering the band
structure and simultaneously the lattice thermal conductivity is
reduced using microstructure engineering.”>™"” Needless to
mention, the oldest and extensively studied thermoelectric
alloy, which evoked gusto in the domain of thermoelectrics
and led to evolution of new concepts to harvest waste heat
energy, is the PbTe system."® ** However, Pb toxicity impedes
its application, leading to the adoption of eco-friendly modal-
ities. In this regard, the scientific community’s attention has
now shifted to Pb-free alternatives and one of the analogues is
GeTe.*>°

However, the challenge with GeTe (as shown in Fig. 2(a)) is
that it undergoes phase transformation from the rhombohedral
structure (a-GeTe, space group R3m) at ambient temperature to
B-GeTe (cubic), space group Fm3m, at 700 K, designated as the
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critical temperature. Intrinsically, GeTe is a degenerate p-type
semiconductor with high hole strength. This can be attributed
to the fact that during synthesis, plenty of Ge vacancies arise,
which cause high carrier concentration, thus conflicting with
the generally accepted optimal range.”>* To quench the high
carrier concentration, group III, IV and V elements are added at
the Ge site and Se can be added at the Te site.**>*°°

A recent breakthrough in the field of materials science is the
preparation of single and multi-phasic high entropy alloys
(entropy engineering) with significantly improved mechanical
properties. In-depth understanding of the concept of phase
engineering accordingly may lead to development of desired
crystal structures depending on the applications (Fig. 3(a)).
Moreover, to suppress the phase transition, the concept of high
entropy or entropy engineering is an emerging paradigm,
which focusses on the center of the multicomponent phase
diagram instead of the edges in the case of conventional alloys
(Fig. 3(b)).**®® This perception enables the development of
thermoelectric materials with enhanced performance along
with long range ordering and simultaneously imposing disor-
der at short range, which decrease thermal transport and
improve electrical transport.

Entropy engineering, thus, embraces introduction of multi-
ple dopants for desired properties to fill the atomic position in
the matrix, enhances the configurational entropy and thus
subsequently enhances the structural symmetry or overpowers

Dr Ranita Basu is a Research
Scientist in the Physics Group of
Bhabha Atomic Research Centre
(BARC) Assistant
Professor in Homi Bhabha
National Institute, Mumbai. She
Jjoined the prestigious BARC
Training  School after  the
completion of her MSc in
Chemistry in 2007 at the
University of Calcutta. She
received her PhD degree in
Chemical Sciences in 2015 from
Homi Bhabha National Institute,
Mumbai for her research topic on ‘Studies on thermoelectric
properties of heavily doped semiconducting alloys for the
development of power generators”. Her current research interest
includes materials for energy harvesting especially thermoelectric
materials for taping waste heat energy, which include
chalcogenides such as bismuth-telluride, lead telluride,
telluride, silicon-germanium alloys, etc. Her research interest also
includes fabrication of power generators with enhanced efficiency
using new contact materials. She has published more than 50 peer
reviewed journal papers with review articles on thermoelectric
materials and device fabrication in high impact journals. She is
a recipient of Emerging Women in Material Science Award spon-
sored by Wiley.

and an

Ranita Basu

tin

690 | Energy Adv., 2024, 3, 689-711

View Article Online

Energy Advances

the structural phase transformation.®® This causes the increase
in the Seebeck coefficient by augmenting the effective mass. In
addition, incessant increase of entropy via introduction of
several elements as dopants intensifies the phonon scattering
and thus diminishes the lattice thermal conductivity largely.
This high entropy concept has been efficaciously executed in
some of the thermoelectric materials, viz. Ag,GaSeg, > *
(Cu,PSeq)”>”*”® and Cu,S with inferior symmetry.”>7”7®

Hu et al. in one of his articles explicitly explained the
entropy engineering in SnTe and illustrated how the high
entropy effect differs from multi-elemental doping.”' He
explained that high entropy alloying is a subset of multi-
principal element alloying and is associated with four core
effects (Fig. 4(a)-(c)). In view of this fact, the paradigm can be
effective for achieving high thermoelectric performance
although with a compromise in the carrier mobility (Fig. 4(d)).

GeTe, being one of the low symmetry thermoelectric materi-
als in the low temperature regime (<700 K), was re-envisioned
as a matrix where the hypothesis of high entropy can be
realized in order to suppress the phase transition followed by
optimization of carrier strength and reduction of thermal
conductivity as the performance of pristine GeTe is at the
mercy of the high hole concentration and high thermal
conductivity.*>>>”” As illustrated in Fig. 5, GeTe, which
remained unexplored for a prolonged period owing to its phase
transition in the operating temperature regime and limited
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Fig. 1 Schematic representation displaying the strategies meant for opti-
mization of ZT on the basis of defect engineering with the perception of
synergistically modulating multiple degrees of freedom. Reproduced with
permission from Copyright © 2016, American Chemical Society.'
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Fig. 2 Characteristics of the GeTe alloy as a thermoelectric material.
Crystal structures of (a) rhombohedral GeTe and (b) cubic GeTe along
with the respective primitive cells of (c) rhombohedral GeTe and (d) cubic-
GeTe. Reproduced with permission from © 2019 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.>
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knowledge on the tailoring of electronic band structure, has
regained attention. This is attributed to the better understand-
ing of the electronic band structure via density functional
theory and validation with the experimental findings."”””

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Initially, chemical doping with single elements (such as
In, Pb, Bi and Sb) was accomplished to optimize the
carrier concentration,”®”® but the results showed that
dual doping is preferred to obtain ZTs exceeding 2.0,”°"% such
as for Ge, , ,Sb,Zn,Te,*" Ge, , ,Sb,InTe,”* and Ge; , ,
Bi,Cd,Te.*®® As illustrated in Fig. 6, the vast list of elements
in the periodic table has promoted the progress of GeTe
thermoelectrics. The highlighted elements in the periodic
table, viz. Ti, V and Cr, were doped to boost the ZT of GeTe
by reducing the charge carrier scattering or refining the band
structure and thus aiding in enhancing electron transport
properties. La and Nd were also beneficial for tailoring the
band structure; aliovalent dopants such as Bi and Sb or other
elements of group 15 were utilized to optimize the charge
carriers along with halogens (I); Sn introduces Rashba splitting;
and In introduces resonant levels. Doping at the anionic site is
advantageous to introduce point defect scattering of phonons
and thus reduces the lattice thermal conductivity. However, the
problem is that phase transition still persists, which is detri-
mental to thermoelectric devices,®” as it leads to stress due to
mismatch in the thermal expansion coefficient in different
phases, with the concentration of charge carriers (holes for
GeTe) deviating from the optimized value. Evidently, one of the
key issues with GeTe based alloys is to reduce the phase
transition towards the lower temperature so that the applica-
tions of high symmetrical structures can be extended over a
wide temperature regime. Although considerable headway has
been made with the high entropy materials towards designing
novel alloys for thermoelectric applications, in this review our
aim is to solve the fundamental problem pertaining to phase
transition in GeTe and suppressing it to ambient temperature
from 700 K via entropy engineering so that the alloys with
superior band structures can be utilized for the fabrication of
thermoelectric devices.®” %*

2. Genesis of entropy engineering

The term “entropy” was defined and developed in 1870 by the
famous scientist Ludwig Boltzmann by probing the statistical
behavior of the microscopic constituents of a system.”** The
hypothesis proposed by Boltzmann states that there lies a correla-
tion between the entropy or randomness of a system in a pre-
defined state and the possibility of the presence of a given state:

S =kglnow, (1)

where S defines the contribution of disorder or entropy of the
system for the predefined state, kg is the Boltzmann constant
and is given by 1.38 x 10"** J K™, and o is the probability of
distribution of the constituents in the system.

For an alloy system, the Gibbs energy of mixing is given by:

AGmix = AHmix - TASmixy (2)

where AGnix, AHmix and ASp; are the free energy, enthalpy and
entropy of mixing respectively. Eqn (2) shows that at constant
AH,ix enhanced entropy of mixing will lead to lowering of
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Fig. 3 (a) Schematic illustration depicting phase engineering in high entropy alloys, which governs their mechanical properties and accordingly decides their

applications and (b) demonstration of the change in the equiatomic compositions as the principal element varies. The diagram also depicts how the phase space
enhances for the high entropy alloys in comparison to the conventional alloys. Reproduced and adapted from ref. 69 and 70. Copyright © 2020 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, Copyright © 2016 Elsevier Ltd, respectively, and under the terms of the Creative Commons CC-BY-NC-ND license %2

AGnix and thus will result in an alloy system with high stability.
Thus, increasing the entropy of mixing has a remarkable
impact on the microstructure of the material and subsequently
on its macroscopic properties. In this regard, the aim is to
maximize the ASyx In thermodynamics, the configurational
entropy of mixing for n components to have random solid
solution is given by:

n
ASmix = =R _ CiInC;, 8)
i=1
where C; is defined as the molar concentration of the ith constitu-
ent and R is the universal gas constant. Eqn (3) indicates that AS,ix
of an alloy can be maximized by designing the alloy with an
equimolar ratio of multiple principal elements, which can be
defined as C; = . and upon substitution in eqn (3) gives:
1.1 1 1 1.1
ASmiX:—R(—ln—+—ln—+-~~+—ln—) =Rlnn 4
n n n n n n
From eqn (4), it can be concluded that for a ternary alloy system,
AScont is 1.10R and accordingly it increases with the increase in the

692 | Energy Adv, 2024, 3, 689-711

number of elements in the alloy system. Unlike the philosophy of
traditional alloy design, the entropy maximization concept empha-
sizes the entropic contribution instead of the contribution of the
cohesive energy to the free energy. This influences the thermody-
namic stability of the alloy system at finite temperature and favours
the solid-solution formation with high symmetrical crystal structure.
The thermoelectric researchers worldwide are now inclined towards
the novel philosophy of entropy engineering by adding multiple
elements for designing advanced alloys with symmetric crystal
structures to boost the Seebeck coefficient and decrease the phonon
conduction simultaneously. This enhances the thermoelectric per-
formance unlike the earlier trend of designing complex crystal
structures for reducing the lattice thermal conductivity alone.*” %

3. GeTe as a thermoelectric material

The entire essence of thermoelectricity is having a high
ZT thermoelectric material for the fabrication of efficient
devices.”®* This involves development either of high tempera-
ture power generators oOr near room temperature

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a)—(c) Schematic illustration depicting the change in lattice distortion with the increase in the addition of dopants in symmetric IV-VI

chalcogenides. (d) Representation to demonstrate the nature of change in properties: (i) entropy of mixing AS; (i) lattice thermal conductivity xppn; (iii)
Seebeck coefficient S; (iv) carrier concentration ny; and (v) carrier mobility py at 300 K for highly symmetric IV-VI chalcogenides. Reproduced with
permission from ref. 71. Copyright © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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refrigerators. The widely used materials for this niche appli-
cation include silicides,”®*® chalcogenides,'®**°7'°! half-
Heusler,'*'% Zintls,'**'% etc. Among chalcogenides, Pb-X,
Ge-X, and Sn-X, where X = S, Se and Te, are widely used
for power generators in the mid-temperature regime ie.
500 K < T < 800 K,'*'%” whereas Bi,Te;'"**'? and Ag,Se™ '
are for near room temperature applications.

© 2024 The Author(s). Published by the Royal Society of Chemistry

In mid-temperature applications, IV-VI chalcogenides are
well-known thermoelectrics owing to their remarkable band
structures'®®> and pioneering bonding technique, which is
termed as “metavalent bonding”.''”'*> Among them PbTe
based alloys stand out. This is because PbTe based alloys
possess optimized carrier concentration and so the proven
strategies, which guarantee high ZT, can be realized efficiently.

Energy Adv., 2024, 3, 689-711 | 693
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Fig. 6 Outline of the recent outcomes of GeTe thermoelectrics in terms of chemical principles. (a) Elements in the periodic table (highlighted) employed
to tailor the GeTe thermoelectrics; (b) strategies utilized to enhance the thermoelectric performance on the basis of chemical disciplines and the GeTe
derivatives developed so far; (c)—(e) summary of the results on GeTe thermoelectrics obtained by different groups. Reproduced and adapted from ref. 79,

Copyright © 2022, American Chemical Society.

Fig. 7(a) demonstrates the bonding mechanism involved in
various compounds. The x-axis depicts the electrons trans-
ferred, which is more prominent in the case of ionic com-
pounds and the y-axis demonstrates the electrons shared,
which is more pronounced in covalent compounds. An emer-
ging bonding technique known as metavalent bonding is
mapped in the plot. These alloys with metavalent bonding
show exceptional thermoelectric performance (illustrated in
Fig. 7(b)) owing to their electronic band structure with high
band degeneracy and significant band anisotropy to empower
the coupled power factor. The bonding mechanism also illus-
trates soft chemical bonds along with high anharmonicity,
which subdues the lattice thermal conductivity. The bonding
mechanism thus interwove the outstanding thermoelectric
performance of octahedrally coordinated chaclogenides. To
avoid Pb-toxicity, the hunt for alternatives'>***® has led to
the detailed investigation of GeTe based alloys from the ther-
moelectric point of view, as they have been known since the

694 | FEnergy Adv, 2024, 3, 689-711

1960s. They remained unexplored due to phase transition at
~700 K as discussed earlier."*”"*

The slight distortion of high symmetric cubic rock-salt
structure along the [111] direction with an interaxial angle of
o = 88.2° at 300 K is approximated as rhombohedral GeTe with
three longer and three shorter bonds in octahedral
geometry.'?”'?° However, with increase in temperature, known
as the critical temperature, ~700 K, which may change depend-
ing on the carrier concentration to (650 + 100 K)'*® as illu-
strated in Fig. 8(a), the rhombohedral transits to cubic lattice
displaying symmetrical variation to its average. This structural
transition is suspended and the cubic rock-salt structure stabi-
lizes prominently as the cation-anion pair changes to a heavier
cation i.e. Ge — Sn — Pb. This is attributed to the differences
in hybridization of orbitals and bonding ionicity. For GeTe, the
structural deformation to low symmetric rhombohedral from
the symmetrical cubic phase is predominantly due to the
stereochemical activity of the lone pair electrons on the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(b) Schematic representation depicting the exceptional thermoelectric performance of octahedral chalcogenides having metavalent bonding.
Reproduced and reprinted from ref. 119, © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

s-orbital of Ge and is related to the intense hybridization anion. This provokes a remarkable deformation in the alloca-
between the s-orbital of the cation and the p-orbital of the tion of electrons, which in due course causes the decline in the

Optimal N =6
Convergence "
High Symmetry reduction Low
Symmetry Symmetry
3.0
1@ | 300K o /|
<
1 25l GeTe-alloys & ° i
<
°
L o o ]
<, <o
o
o
L é ]
«v ? OV%
4 & 150 WOE"V -
L o oo Ono O GeTe:Bi, Ref. Li i
e%g': .8 ¥ GeTe:Pb,Bi, Ref. Li
_ O GeTe:Cu,Bi, Ref. Bu
1.0 E%n oot O GeTe:Sb, Ref. Li
O GeTe:PbSe, Ref. Li
r O GeTe:Sb,Te,, Ref. Zhang 1
| R NI BT

0.00 . L TR PR U S S R
575 580 585 500 595 600 605 O 882 884 886 88.8 89.0 89.2 89.4 89.6
7(°) Interaxial angle, « (°)

Fig. 8 Schematic details of the electronic basis of GeTe: (a) crystal structures depicting both rhrombohedral (coloured) and cubic (transparent) phases of
GeTe; (b) schematic representation illustrating that slight symmetry breaking is beneficial for enhanced band convergence leading to high band
degeneracy; and (c) depiction demonstrating the change in the energy offset, i.e., the difference in the L- and X valence bands with the variation in the
rhombohedral angle (y in the primitive cell) and displacement from the off-center (9) (the inset displays the primitive cell, y < 60° and y = 60° for r-GeTe
and c-GeTe respectively); (d) change in the density-of-state effective mass (m*) with the variation in the rhombohedral angle (o) at 300 K. for GeTe-
alloys. Reproduced and adapted from ref. 47 under the terms of the Creative Commons CC-BY-NC-ND license.
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(a) Calculated electronic band structure of GeTe featuring both R-GeTe (rhombohedral GeTe) and C-GeTe (cubic GeTe) respectively; (b)

calculated Fermi surfaces for both R-GeTe and C-GeTe considering spin—orbit coupling. Reproduced and reprinted from ref. 45, © 2020 Wiley-VCH

Verlag GmbH & Co. KGaA, Weinheim.

structural symmetry. From the viewpoint of transport of charge,
an enhancement of either s-p hybridization or ionicity of the
bond augments the isotropic nature of the light valence band

(L-band), which eventually decreases its % and thus makes it
1
superior among group IV-VI chalcogenides.**> Fig. 8(b)
demonstrates that although the cubic structure (at elevated
temperature) has high symmetry in comparison to the rhom-
bohedral structure at low temperature, as far as thermoelec-
tricity is concerned, slight symmetry breaking is preferred as it
leads to high band degeneracy. In addition, the doping at the
cationic site displaces Ge from the off-center and therefore the
energy difference between the light (L) and heavy (X) valence
bands reduces and subsequently aids in valence band conver-
gence (illustrated in Fig. 8(c)). The doping at the cationic site
(Fig. 8(d)) also increases the interaxial angle, the density-of-
state effective mass and consequently the Seebeck coefficient.

3.1. Electronic properties of GeTe

The band diagram of cubic-GeTe is analogous to those of PbTe
and SnTe, where the maxima of the valence band and minima
of the conduction band lie at the L-point of the Brillouin zone
(Ny = 4) and thus lead to the direct band gap. However, the
secondary valence band, which is located in the X direction, is
energetically lower than the L band with a high band degen-
eracy of N, = 12 and an energy offset AE,_s ~ 64 meV, as
depicted in Fig. 9.*>*” The low energy offset value indicates that
the two valence bands are strategically placed for convergence
at elevated temperature in comparison to PbTe (AE;,_s ~ 100
meV)*" and SnTe (AE;_s ~ 300 meV)."> This implies a favor-
able pathway for transportation of charge carriers and is self-
explanatory for realization of enhanced ZT in the symmetric
GeTe phase at elevated temperature.

Nevertheless, the location of the L and X bands at different
Brillouin zones shows different responses when lattice distor-
tion occurs along the [111] direction, i.e. the L-point of the
Brillouin zone. Thus, directional lattice distortion was explicitly
employed to manipulate the energy of the bands. This causes a
substantial decrease of L-band energy and thus the maximum
of the valence band is the ¥ band in the rhombohedral GeTe.

696 | Energy Adv, 2024, 3, 689-711

Moreover, the reduction in symmetry or symmetry breaking in
the crystal structure separates the L-band with 4 carrier pockets
into 3 L and 1 Z. Simultaneously, the 12 carrier pockets in the
band splits into 6 T and 61 (illustrated in Fig. 8(b)).*>*”7713¢
This creates a hindrance in the rhombohedral phase to attain
optimum band convergence and thus makes it an inferior
candidate as a thermoelectric material in comparison to
the usual cubic analogue.*® However, the increased degree
of freedom augments the tuning of band energies and is
adequate to converge all the bands. This mode of crystal
structure engineering, which facilitates the band structure
manipulation, opens an avenue such that slight symmetry
deviation is electronically favorable towards enhanced thermo-
electric performance.””"*%¢

3.2. Entropy stabilized GeTe

The noteworthy feature of the high entropy concept in thermo-
electrics is ultralow lattice thermal conductivity. This is because
of the fact that the extremely distorted lattices obtained in high-
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Fig. 10 (a) Schematic representing the variation in categories in config-

urational entropy with the increase in the number of components; the plot
shows that high entropy can be attained when the number of constituent
elements is at least 5, which share a similar crystallographic site. (b) Plot
demonstrating the lowering of thermal conductivity with the increase in
the configurational entropy. Reproduced and adapted from ref. 137.
Copyright © 2023, American Chemical Society.
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entropy alloys induce high strain, which eventually causes
effective phonon scattering and minimizes the lattice thermal
conductivity to an extent that it resembles the unique phonon
glass performance. Nonetheless, the ideal thermoelectric alloy
with enhanced behavior should exhibit ‘“phonon-glass-
electron-crystal’” behavior."> In high-entropy alloys, attaining
electron-crystal properties is the bottleneck."*”

As discussed earlier, the ‘“high-entropy alloy” concept,
which eschews the traditional paradigm of “base element”
concept, involves designing alloys by shifting the focus from
the vertices to the central part of the phase diagram (Fig. 2(b)).
This radical deviation, which involves multiple elements (con-
tradicting the rule of Parsimony by Pauling'*®) causing com-
plexity and disorder in the unit cell, enlarges the chemical
space. This is due to the reason that addition of multiple
elements instigates disorder and complexity in the lattice,
amplifies the chemical space and thus unearths the design of
new thermoelectric alloys. On a lighter note, it is noteworthy to
mention that any material that qualifies for technological
applications, although widely known for exquisite purity, essen-
tially needs a finite level of substitutional disorder for its
extensive use. The burgeoning demand for high entropy ther-
moelectric alloys takes advantage of these emerging properties
essential for diminishing the lattice thermal conductivity

View Article Online
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without compromising the charge transport. Moreover, the
increase in the compositional space with the addition of new
elements leads to entropy driven structural stabilization, which
eventually leads to a highly symmetrical cubic structure posses-
sing a high Seebeck coefficient and band degeneracy and thus
enhanced thermoelectric performance.'*”°'*" Fig. 10(a)
demonstrates the different levels of entropy and the change
in the configurational entropy of the system with the increase
in the number of components. As the configurational entropy
increases, the thermal conductivity reduces as desired in ther-
moelectrics (Fig. 10(b)).

However, the topic of high entropy faces linguistic problems
and the terminology has evolved continually with time. This is
because canonically multiple elements sharing a common
crystallographic site are termed as solid solutions. Thus, to
distinguish solid solutions from high entropy alloys, a further
criterion was essential and this is where unanimous consensus
was lacking.”*”"*® Thus, to have a model for the expansion of
enhanced performance thermoelectric materials, a suitable
design of the composition of the materials and temperature
of operation is essential. For high-entropy GeTe based alloys,
analysis of the properties in different temperature regimes and
at different chemical compositions was carried out by Li et al.
using an interpretable machine learning workflow. The
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methodology involves constructing the dataset from experi-
ments based on preceding research on thermoelectrics and
subsequently descriptors are established depending on the
To choose pertinent features, some of the
Pearson correlation,

atomic features.'®!

feature selection mechanisms,

viz.,
exhaustive and univariate feature selection, are considered.

(b)

Ot

The elected features are then utilized in the ZT value, which
is a target variable for exercise and testing. Global interpret-
ability, which includes examination of the contribution of the
interactive parameters to ZT (target variable), local interpret-
ability approaches, choice of materials and optimization of
performances, reveals that the ZT values of the thermoelectric
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(a) Plot showing the increase in the configurational entropy with the increase in the constituents of the alloy; (b) powder XRD patterns of GeTe

and its derivatives at room temperature. The room temperature GeTe phase resembles the rhombohedral crystal structure and no appreciable secondary
phase was seen with the addition of dopant elements; (c) change in the lattice parameters along the direction of a-axis and so the variation in the
interaxial angles with the increase in AS. Reproduced and reprinted from ref. 144 with permission from the Royal Society of Chemistry.
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alloys are primarily controlled by the temperature with little
impact of molar volume and electronegativity. By applying
interpretable machine learning tools, the prediction and opti-
mization of the performance of the thermoelectric alloys can be
assessed for samples with prior knowledge. This enables a
thorough approach towards designing workflow apart from
assessment and forecast of the thermoelectric properties of
alloys. This methodology was used to select and develop high
entropy GeTe-based alloys with enhanced performance.

3.3. Futuristic GeTe based alloys via entropy engineering

GeTe and its derivatives, being non-toxic among group IV-VI
elements, have the proficiency to replace the widely studied
PbTe alloys because of their high toxic load. However, due to
low symmetry rhombohedral structure, which is responsible for
the generation of the ferroelectric domain, abundant micro-
structures are available to optimize for the enhancement of

View Article Online

Review

thermoelectric performance. Recent advancements in the solid-
state physics and the techniques involved in the synthesis
provide an efficient means of enhancing the thermoelectric
performance.

One of the difficulties associated with GeTe is high carrier
concentration (~10>' em™?) due to the intrinsic Ge vacancies,
which has a negative impact on thermoelectricity (depicted in
Fig. 11(a)~(c)).""° Moreover, these intrinsic vacancies restrict
the carrier transport and thus deteriorate the mobility of the
charge carriers. Here, lies the role of chemical principles for the
enhancement of thermoelectric properties. To obtain opti-
mized properties, the dopants are screened, which is generally
directed by the chemical valencies and defect chemistry.”® In
addition, dopants are also added to improve the electronic
transport properties based on the intense understanding of the
molecular orbital theory and to reduce the lattice thermal
conductivity by strengthening the phonon scattering with the
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(a) Schematic displaying the transition from the rhombohedral to cubic crystal structure in GeTe; (b) DSC plots with the endothermic peaks of

pristine GeTe and its derivatives showcasing that with the addition of dopants at the cationic and anionic sites the phase transition temperature (T,) shifts
towards lower temperature; (c) plot of phase transition temperature vs. AS, depicting the shift towards low T.. For comparison, Ge;_,_,Sb,Mn,Te was
plotted. Reproduced from ref. 144 with permission from the Royal Society of Chemistry.
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introduction of imperfections. Thus, chemistry essentially ben-
efits the GeTe thermoelectrics as multiple elements are added
simultaneously. The result is that the presence of multiple
elements enhances the chemical space, increases the config-
urational entropy and ultimately provides benefit towards high
thermoelectric performance.

3.3.1. (GeTe); ,(LiSbTe,),. In Fig. 12, Liu et al. alloyed
LiSbTe, with GeTe, with an aim to stabilize the cubic structure
in the range of 300-773 K. The material provided a superior
ZT,g of ~1.38 in the aforesaid temperature range and can be
used for the fabrication of thermoelectric devices.'** This can
be attributed to the fact that in LiSbTe,, the formal charges on
Li, Sb and Te are +1, +3 and —2 respectively. This implies that Li
has no lone pair, whereas Sb loses the three-5p electrons in the
outermost orbital, leaving two electrons in the 5s orbital as the
lone pair. However, the 5s> lone pair on Sb is more stable than
the 4s” lone pair on Ge as the stability of the lone pair increases
on descending the group, and so the Sb lone pair is more stable
than the Ge lone pair.'** When alloying with LiSbTe,, where Li
and Sb occupy the Ge site partially in both cubic and rhombo-
hedral phases, the average stereochemical activity of the
lone pair on the cation is remarkably impeded, causing sup-
pression in the phase-transition temperature. This stabilizes
the cubic structure, which promotes the convergence of
multiple bands along with phonon scattering. Thus, with
the addition of multiple elements the phase transition was
averted and the conversion efficiency was raised to 17%, being
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one of the highest values among those of polycrystalline p-type
alloys.

3.3.2. Gey_y_y_yIn,Pb,Sb Te, .I.. In harmony with the
beneficial effect of entropy engineering to suppress the phase
transition in GeTe, Qui et al consecutively added multiple
dopants continuously. Thermodynamically, the configurational
entropy (AS) was calculated for multiple species using the
equation AS = —Nakp Xn:x,- In(x;) and is plotted as shown in

i=1

Fig. 13(a). The addition of the species shows the increase in the
AS value as x increases. The powder XRD pattern confirms the
formation of more symmetrical crystal structures with the
increased number of elements followed by the analysis
(Fig. 13(b)), which reveals increase in the lattice parameter
along the a-axis due to the larger atoms at the Ge site as well
as the opening of the interaxial angle (Fig. 13(c)).

Moreover, he demonstrated that the addition of the
dopants increases the symmetry and brings down the phase
transition temperature through DSC measurement as shown in
Fig. 14(a)~(c).***

Measurement of transport properties (Fig. 15(a)-(c)) vali-
dates the finding that an increase in the number of elements
increases the Seebeck coefficient, as the entropy engineering
promotes band convergence leading to high effective mass,
which eventually increases the power factor. Apart from the
obvious enhancement in the electronic transport behaviour,
the thermal transport properties also show improved behaviour
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Fig. 15 Electronic transport properties of pristine GeTe and its derivatives vs. temperature: (a) electrical conductivity; (b) Seebeck coefficient; (c)
Pisaranko plot for the Seebeck coefficient with respect to the carrier concentration and (d) change in effective mass and power factor with the increase in
the configurational entropy. The plot shows the effect of entropy engineering towards high thermoelectric performance. Data from several other groups
were also plotted for comparison. Reproduced from ref. 144 with permission from the Royal Society of Chemistry.
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owing to the fact that increase in the dopant introduces point
defects (short range disorder) along with long range ordering.
Thus, the sites for the scattering of phonons increase leading
to diminished lattice thermal conductivity.

Fig. 16(a)-(d) show that the superior entropy alloy is
Geo.54In¢,01Pbg 1Sbg.05T€0.99710.003 With a ZTpeak of ~2.1 at
800 K. If the ferroelectric phase transition can be pulled down
at 300 K appropriately, then GeTe based alloys can be efficiently
used as power generators for harvesting low-grade heat. Thus,
attempts to research novel methods to augment transportation
of electrons with damping propagation of phonons if probable,
in chorus, will be able to raise the thermoelectric
performance.'**

3.3.3. Ge;_j, ,Pb,Sn,SbyTe. Recently, Das et al in his
study mentioned that doping GeTe with 2.5 mol% Pb and Sn
each (Gego5Pbg 0255N0025Te) enriches the configurational
entropy in contrast to the pseudoternary systems such as
PbTe; ,.S€,S,, SnTe; ,,.Se,S, and GeTe; ,,Se,S,.'** This is
because in the case of pseudo-ternary systems, enthalpy sur-
passes the entropy and eventually phase separation occurs. The
borderline, which separates the secondary phases from the
main matrix, scatters the majority charge carriers and the
phonons of similar dimensions and hence manifests a negative
impact on the thermoelectric properties. However, in 11 mol%
Sb-doped Ge;_,,Pb,Sn,Te, addition of multiple elements
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enhances the entropy propelled structural stability in conjunc-
tion with an increase in solid solubility limits and hence, the
methodology diminishes the phonon conduction (ki) from
2.8 W m ' K for pristine GeTe to 1.9 W m ' K ' for
Geg.95Pbg.0255N0 025Te samples. The addition of Sb optimizes
the carrier concentration by quenching it along with enhance-
ment of the Seebeck coefficient by converging the valence band.
Consequently, the ball-milled followed by spark plasma sin-
tered Geg g4Pbo.0255N0.0255b0.11Te displays a much reduced x;, of
~1.1Wm 'K ' and a ZTpeq of 2.3 at 723 K with a ZT,, of 1.3
in the 300-723 K range. Provoked by the raised Z7, a two-leg
device was demonstrated with Geg g4Pbg 0255N0.0255b0.11T€
(p-type) and I and In doped PbTe (n-type) legs, which exhibits
a high output power density of ~590 mW cm™ > at AT = 448 K as
shown in Fig. 17(a)~(d).*

3.3.4. Gey_,_y y ;Ag,Sb,PbBi, Te. In a similar experiment
conducted by Jiang et al., multiple elements viz. Ag, Sb and Pb
were alloyed with GeTe due to their enhanced solubility
limits."*® The study reveals the presence of an impurity phase
by X-ray diffraction analysis (Fig. 18(a)), when the number of
components is three. However, the secondary phase disappears
for the alloy with five components due to entropy driven
structural stabilization. The single phase was further stabilized
by the presence of Cd, Mn and Sn. Transport property measure-
ment shows strong scattering of phonons due to alloying along
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(a) ZT values vs. T for both pristine and GeTe based alloys studied by Qiu et al.; (b) highest ZT values as a function of T for the high entropy

sample studied by Qiu et al. and other groups; (c) ZT,,4 of the GeTe samples and GeTe based alloys studied by Qiu et al. and other groups in the
temperature regime of 300-523 K; (d) variation of ZT vs. configurational entropy. Reproduced from ref. 144 with permission from the Royal Society of

Chemistry.
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upon thermal cycling. Besides, the data are highly reproducible; (b) demonstration of a two leg thermoelectric module with the Geg gaPbg g25-
Sno.o25Sbo11Te (p-type) leg and the Pbg gg7/N0.003T€0.996l0.004 (N-type) leg. Inset displays the actual image of the device; (c) output power density vs.
measured current at different AT; and (d) maximum output power density vs. AT for a two-leg device. Reproduced and adapted from ref. 145.
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Reproduced and adapted from ref. 135. Copyright © 2022, The American Association for the Advancement of Science.
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Fig. 19 (a) Power factor; (b) lattice thermal conductivity; (c) ZT vs. T of the GeTe based alloys studied by Jiang et al.; (d) plot to compare the ZT,,4 of the
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the engineered 11, 7: 3, 8: 3 and 9 : 3 devices. Reproduced and adapted from ref. 135. Copyright © 2022, The American Association for the Advancement
of Science.
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Fig. 20 (a) Changein ZT and ZT,,q vs. T; (b) repeated data acquisition of the high entropy GeTe ((Gep 9gCug 04Te)1—,(PbSe),) alloys studied by Bu et al. to
validate the reproducibility and their comparison with the other reported high-performance p-type thermoelectric alloys; (c) module characteristics; (d)
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valence band has more contribution from the 5p orbitals of Te,
the impact due to the disordered Ge site on the electron
transport properties of p-type GeTe is less. To corroborate the
diminished influence of multiple elements in entropy engi-
neered GeTe, the atomic structure was studied for both pristine
GeTe and high entropy GeTe based alloys using high-angle
annular dark field (HAADF) imaging (Z-contrast nature) in the
STEM mode. The study reveals more intense spots for high
entropy alloys in comparison to the pristine GeTe. Moreover,
the Ge atom deviates from the geometric centre of the rhombus
created by Te atoms in the GeTe alloy, causing a polarized
electric field, the basis of ferroelectricity. The parameter, J, in
Fig. 18(b)(C and F) defines the deviation of the Ge atom from
the geometric centre. The calculations of atomic resolution
HAADF images of GeTe based samples reveal that the ¢ value
reduces with the rise in the elemental species and is in
concurrence with the XRD results. This indicates the gradual
shift from the less symmetric rhombohedral structure to the
high symmetry cubic crystal structure for the high entropy alloy
and subsequently the faded ferroelectricity.">>**" This even-
tually leads to redistribution and delocalization of the elec-
trons. Moreover, all the Ge-Te bond lengths were dissimilar:
three shorter bonds due to electron localization and three
longer bonds. On the contrary, for the high entropy alloys

View Article Online

Energy Advances

wherein there are more alloying elements, the localized elec-
trons undergo transfer of electrons from the shorter to the
longer bonds and thus aid in delocalization of electrons. The
delocalized electrons thus reduce the energy-offset values amid
valence bands and illustrate the raised equivalent degenerated
valleys. This ultimately explains the high power factors of
entropy-engineered GeTe alloys.

Transport property measurement of the series of samples
reveals that electronic conduction is compromised in alloys
with multiple elements, while the Seebeck coefficient follows
the reverse trend. Consequently, the power factor seems to be
low in the low temperature range for the low-entropy alloys via
scattering of the charge carriers by the multiple phases. The
power factor was also low for pure GeTe in the low temperature
range owing to the low Seebeck coefficient (Fig. 19(a)). Lattice
thermal conductivity (Fig. 19(b)), as expected, shows an ultra-
low value in the entire temperature regime, signifying tempera-
ture independent behaviour. With all the optimized values, the
ZT value of Geg 61Ag0.11Sbo.13Pbg.12Big.01Te was calculated to be
0.6 at 300 K and 2.7 at 750 K (Fig. 19(c)). Thus, the entropy
enhancement by multiple element alloying, in contrast to
strong alloy scattering and Anderson localisation of the charge
carriers, boosts the delocalisation of electrons resulting in
improved electrical properties and band convergence. In
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Fig. 21

(a) Configurational entropy AS, (b) powder XRD patterns, (c) lattice parameter a/c and interaxial angle, «, at 300 K, of GeTe-based alloys, and

(d) DSC curves showing the lowering of the phase transition temperature of medium entropy GeTe-based alloys. Reproduced and adapted from ref. 154
© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH under the terms of the Creative Commons CC BY license.
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addition, the high entropy system dampens the conduction of
phonons and thus reduces lattice thermal conductivity.
Because of the high ZT values of the high entropy GeTe alloy,
along with average ZT values higher than those of usual p-type
thermoelectric alloys, the thermoelectric module was realized
with high experimental conversion efficiency. The module
developed using n-type Pbg.g971N¢.003T€0.09610.004 and p-type
Geg 61A80.115b0.13Pbo 12Bip.01Te with a leg length of 11 mm
demonstrates a conversion efficiency of 10.5%. However, efforts
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conductivity, (c) Seebeck coefficient, and (f) power factor vs. T of GeTe-based alloys.
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were also made to demonstrate the segmented module with low
temperature legs using commercially available p-type Biy sSb, sTe;
and Bi,Te, ;Se, 3 as n-type with different (7:3, 8:3 and 9: 3) ratios.
The 8:3 segmented module displays a significantly high conver-
sion ratio of 13.3% at AT = 506 K. The high conversion efficiency is
attributed to the fact of having optimized ZT in the entire range of
operation (Fig. 19(e) and (f)).

3.3.5. [(GeTe),_x(Cu,Te),]; ,(PbSe),. In a different experi-
ment conducted by Bu et al, the single leg thermoelectric
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rhombohedral and cubic crystal structures as well as for medium and high entropy GeTe-based alloys and their comparison with literature data.
(e) Pisarenko plot « vs. ny for medium entropy GeTe-based alloys and their comparison with the literature data. Reproduced and adapted from ref. 154
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Table 1 Configurational entropies of the samples reviewed in this article

Configurational entropy

Compound (AS)in J mol * K *
GeTe 5.76

(GeTe)o 5(LiSbTe,)o.3 9.946
Geg.541N0.01Pbg.15b0.05T€0.99710.03 8.672
Geg.84PDy.025510.0258b0.11Te€ 8.144
Geg.61A80.115D0.13Pbo.12Big.01Te 11.169
(Gep.08CUg,04Te)o 85(PbSE)0 .12 9.416

Gey.63Mny 15Pbg 1Sbg.06Cd o6 T 10.513

device constructed using high entropy GeTe-Cu,Te-PbSe
((Geq_xCuyyTe);_,(PbSe),) alloys displays a conversion

706 | Energy Adv, 2024, 3, 689-711

efficiency of 14% at AT = 440 K. The enhanced performance
of the alloy was attributed to the optimization of the simulta-
neous electronic and thermal properties in terms of charge
carrier concentration and intensified phonon scattering respec-
tively. Initially, the methodologies adapted to quench the
excess carrier concentration had an adverse effect on the carrier
mobility. Nonetheless, alloying 1.5%Cu,Te was found to be
beneficial, as it seemed to reduce hole concentration by one
order of magnitude ie. ~10*' em™> to 10*° ecm ™ without
deteriorating the mobility. Moreover, alloying of PbSe sup-
presses the lattice thermal conductivity along with suppression
of formation of Ge vacancies. Within the temperature of
operation, the alloy displays a peak ZT of > 2.5 and a ZT,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Average energy and average phase transition temperature above the convex hull (E,,) and for alloy compositions respectively that lack one

of the constituent elements; (b) and (c) phase-transition temperature vs. work functions of cation and anion compositions. Reproduced with permission

from ref. 159 Copyright 2020, American Chemical Society.

of 1.8 and the characteristics of the material and the device are
depicted in (Fig. 20(a) and (b))."**> The output characteristics of
the device are shown in (Fig. 20(c)—(e)). The remarkable con-
version efficiency of the GeTe based alloy is compared with the
reported values of TAGS, half-Heusler, and skutterudites as
depicted in Fig. 20(f).

3.3.6. Gey_,_x_y  Mn,Pb,Sb,Cd,Te. Although in the gen-
ome of functional materials, configurational entropy is a
blooming descriptor,'®* Zhi et al. in his study (Fig. 21) explicitly
mentioned that due to the adverse effect on carrier mobility in
high-entropy alloying, where the principal elements are present
with the atomic percentage ranging from 5-35% to accomplish
AS > 1.5R, there is a setback. Instead, he mentioned that
medium entropy alloys, 1R < AS < 1.5R, are beneficial as they
are capable of balancing the lattice thermal conductivity to
attain a glass-like limit in addition to stabilizing the high
symmetry cubic crystal structure near room temperature.'>*
According to Zhi et al, it is the judicious selection of the
alloying species based on the previous reports, to consider,
that can aid in realizing high ZT. Most importantly, the
prerequisite condition for an alloying species is that it should
have high solid solubility, >5 mol% in the main matrix, ie.
GeTe. Based on the requirement, Mn, Sb, Pb and Cd were
shortlisted to be added at the Ge site. These elements have
unique properties: Mn and Cd can aid in band convergence of
the valence bands and Pb and Sb quench the high hole
concentration of GeTe by raising the AG of the Ge vacancies.
These elements were established as sole dopants and as dual
dopants in GeTe; however, their participation in co-alloying
GeTe to form a medium entropy alloy was not known. In this
regard, the atomic percentages of the elements were adjusted in

© 2024 The Author(s). Published by the Royal Society of Chemistry

a way that AS was increased to 1.14 for GegezMng 15Pbg1-
Sbg.06Cdo.osTe (Fig. 21(a)). Based on the X-ray diffraction pat-
tern, the lattice parameter and interaxial angle were calculated
with the increase in the number of alloying elements (Fig. 21(b)
and (c)). Differential scanning calorimetry analysis was per-
formed to identify the evolution of phase transition temperature
with the enhancement of AS (Fig. 21(d)). Surprisingly, this medium
entropy alloy was capable of suppressing the phase transition
temperature at 655 K for GeTe to 300 K and the XRD pattern
further confirms the cubic GeTe with the increase of AS.

The result is that the medium entropy alloy composition
Geg 63Mng.15Pbg 1Sbg 06Cdg.0sTe could enhance the Seebeck
coefficient and reduce lattice thermal conductivity simulta-
neously without compromising the carrier mobility (Fig. 22).
The entropy engineered alloy displayed a ZTpeax of 2.1 (873 K)
and ZT,, of 1.3 (300 and 873 K). The results were compared
with the data reported in the literature for low- and high-
entropy GeTe alloys (Fig. 23), and Table 1 shows the configura-
tional entropies of all the samples reviewed in this article.

The hardness measurement by the Vickers hardness method
shows that the mechanical properties of the medium entropy alloy
samples are significantly enhanced for practical applications.

4. Summary and perspectives

As far as thermoelectricity is concerned, it is always challenging
to optimize ZT due to the inherently intertwined parameters
and so various strategies were put forward to decouple and
adjust the quasi-independent parameters to enhance the ZT
value. In this review, the concept of entropy engineering was

Energy Adv, 2024, 3, 689-711 | 707
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enlightened with its beneficial effect on GeTe thermoelectrics.
It is certainly a difficult task to attain a delicate balance among
several prevailing mechanisms to reach the sweet spot of high
ZT by simultaneously reducing the lattice thermal conductivity
and without compromising much of the electrical conductivity.
Thus, innovative physical mechanisms are always required to
push thermoelectrics to a new level of performance, which can
be competitive enough with other technologies available for
energy conversion and suitable for widespread usage as ther-
moelectric power generators and coolers.">’

In the mid temperature range, GeTe based alloys are widely
studied eco-friendly thermoelectric materials owing to their excellent
thermoelectric performance. Unfortunately, these alloys undergo
phase transition at ~700 K, and real thermoelectric applications
have no space for such phase transitions. However, the result is that
it has a low symmetry phase (thombohedral crystal structure) at low
temperature and a high symmetry phase (cubic crystal structure) at
high temperature. The high symmetry structure is advantageous for
thermoelectrics as it gives high band degeneracy, whereas low
symmetry is beneficial because of low phonon conduction. Thus,
effort should be put into breaking the symmetry in such a way that
both effects can be accomplished simultaneously.

The blooming entropy engineering concept thus applies the
idea of adding multiple elements in GeTe for alloying, preferably at
the concentration of 5-35 at%. In addition, aliovalent doping at the
Ge site also optimizes the carrier concentration, which is otherwise
a persistent problem in GeTe and hence it was unexplored for a
prolonged period. The alloys thus obtained were high entropy
alloys with high configurational entropies, no phase segregation,
high symmetry, reduced phase transition temperature, improved
power factors and low lattice thermal conductivity but at the cost of
reduced mobility. In order to avert this, medium entropy was
preferred, where the elements for doping should be such that
1R < AS < 1.5R (Table 1). In this scenario, the carrier mobility is
not compromised and high ZT is obtained."**'>” The systematic
investigation of IV-VI chalcogenides with the thermodynamic land-
scape of (Ge,Sn,Pb)(S,Se,Te) (as shown in Fig. 24) reveals that a Ge-
poor composition at the cationic site and S-poor composition at the
anionic site are stable with low phase transition temperature and
easy to synthesize.”*>87161

The novel theories mentioned above should be executed
experimentally with new elements at the cationic and the
anionic site to enhance the thermoelectric performance of
GeTe based alloys with industrial production at the macroscale.
This will enable the macro-fabrication process and real thermo-
electric power generator applications.
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