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ABSTRACT: Thermoelectric materials can convert untapped heat to
electricity and are expected to have an important role in future energy
utilization. IV—VI metal chalcogenides are the most promising candidates for
mid-temperature thermoelectric power generation. Among them, PbTe and
their alloys have been proven to be the superior thermoelectric materials.
Unfortunately, the toxicity of lead (Pb) prevents the application of lead
chalcogenides and demands the search for lead-free high-performance solids.
This perspective discusses the recent progress of thermoelectric property
studies on germanium chalcogenides (GeTe, GeSe, and GeS) for mid-
temperature power generation. Here, we have discussed the crystal structure,
chemical bonding, and phonon dispersion of germanium chalcogenides to
understand the underlying lattice dynamics and low lattice thermal
conductivity from a chemistry perspective. We have also discussed the
uniqueness of the electronic structure of GeTe and GeSe, which plays an
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important role in tailoring thermoelectric properties. Additionally, the implications of the recent state-of-art strategies such as
resonant level formation, valence band convergence, slight symmetry breaking of the crystal and electronic structures, point
defect, and nanostructure induced phonon scattering on the high thermoelectric performance of the germanium chalcogenides
are discussed in detail. In conclusion, we highlight some of the innovative ideas for discovery and designing of new
thermoelectric compositions. Finally, we point out the major challenges and opportunities in this field. All the strategies
discussed in this perspective not only make germanium chalcogenides as a promising candidate for future thermoelectric
applications but also serve as a guide to enhance the thermoelectric performance of other materials.

B INTRODUCTION

Thermoelectric technology, devoid of any moving parts, can
directly convert waste heat into electrical power without any
hazardous greenhouse gas emission.' " From the materials
perspective, the thermoelectric conversion efficiency is limited
by the dimensionless figure of merit, zT = 6S*T/(ky + Ki),
where, o, S, T, k,, and K, are electrical conductivity, Seebeck
coeflicient, absolute temperature, electrical thermal conductiv-
ity, and lattice thermal conductivity, respectively.' > An ideal
thermoelectric material should have high electrical conductiv-
ity similar to metals, large Seebeck coefficient as in semi-
conductors, and ultralow thermal conductivity like glasses.'
However, it is always challenging for the chemists to combine
all these aspects in a single material to enable high
thermoelectric performance. In the past two decades, several
endeavors have been made to decouple the interdependent
parameters and simultaneously enhance the thermoelectric
performances.”” zT of materials can be enhanced simulta-
neously by improving the power factor (6S*) via introducing
resonant states close to the Fermi level in the electronic
structure,””’ convergence of valence/conduction band val-
leys,g_10 carrier energy ﬁltering,11 and quantum confinement,'*
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and by reducing the lattice thermal conductivity (k) via
introduction of hierarchical nano-/meso-architectures'*~"" or
by intrinsic factors,'® which scatter all length-scale heat
carrying phonons.

Lead chalcogenides have been broadly contemplated as the
leading materials in mid-temperature (600—900 K) thermo-
electric power generation.”'”'*'” Unfortunately, the toxicity
of lead (Pb) prevents the mass-market application of lead
chalcogenides and demands the search for lead-free high-
performance material. Germanium chalcogenides (GeTe,
GeSe, and GeS) from the IV—VI family recently emerged as
potential candidates for the replacement of Pb-based
chalcogenides.'®*°~>* The thermoelectric efficiency of pristine
GeTe is limited by high p-type carrier concentration, resulting
from intrinsic Ge vacancies.”” Whereas, the poor electrical
conductivity with low carrier concentration is mainly
responsible for poor TE performance of GeSe and GeS
which needs further optimization.”>>° Recently, GeTe has
been widely studied for thermoelectrics because of their rich
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structural chemistry and electronic structure.”” GeTe under-
goes structural phase transition from room temperature
rhombohedral phase (low symmetry, R3m, ferroelectric) to
high-temperature cubic phase (high symmetry, Fm3m, para-
electric) without changing the number of atoms in the unit cell
at 700 K.*° The ferroelectric phase transition is identified by
softening of transverse optical (TO) phonon modes at the
zone center (I").”° This displacive phase transition in GeTe has
been further confirmed by Raman scattering and density
functional theory (DFT) calculations.”” ™%’

Tracing back the strategies for the enhancement of TE
materials, the high carrier concentration of GeTe has been
optimized by substitution of the group-15 elements (Sb/
Bi).””*° Recently, In doping created a resonant level near the
valence band of GeTe that enhanced the Seebeck coeflicient
similar to In-doped SnTe.””' Moreover, Sb/Bi decreases the
lattice thermal conductivity due to formation of nano-/
mesostructures.””" Thus, codoping of In and Sb or Sb and
Bi is proven to be an effective strategy for the enhancement of
TE performance throughout the measured temperature
range.””** To achieve the goal of simultaneous carrier and
phonon engineering, GeTe has been broadly alloyed with I—
V—VI, material such as AgSbTe, and AgSbSe, (known as
TAGS and TAGSSe, respectively) which resulted in a high
2T of ~1.9 at 660 K for the (GeTe)go(AgSbSe,),, sample
with a high average zT (zT,,) of ~1.4 in the temperature
range of 300—700 K.>"**7* Although TAGS based materials
are well-known as they are being used as the p-tgpe leg in
radio-isotope thermoelectric generators in NASA,”” GeTe is
still far away from the goal of replacing high-performance
PbTe. Gelbstein and co-workers have achieved a high zT of
~2.2 at 723 K in GeTe via alloying with Pb.”**” The solubility
of Pb in the GeTe matrix is further enhanced by adding 3 mol
% of Bi,Te; which decreases lattice thermal conductivity owing
to excessive point defect scattering.”” Recently, a high zT of
~2.1 at 630 K has been observed for (Ge-
Te),_,.(GeSe),(GeS), due to the ultralow thermal con-
ductivity, resulting from the entropy-driven point defect
scattering. 1o

Since 1960, the main focus is on the improvement of TE
performance of high-temperature cubic phase of GeTe similar
to PbTe or SnTe, whereas GeTe is the only metal telluride in
the IV—VI semiconductor family which crystallizes in the
rhombohedral structure at room temperature.”> Rhombohedral
distortion in GeTe splits 4 equivalent L bands and 12 X bands
of cubic GeTe into (3 L and 1 Z) and (6 £ + 6 1) bands of
rhombohedral GeTe in the Brillouin Zone which is not much
favorable for the band convergence in the rhombohedral
phase.”* Recently, Li et al. have obtained unprecedented high
zT of ~2.4 at 600 K with a record high device figure of merit,
ZT ~ 1.5, in rhombohedral GeTe by introducing slight
symmetry reduction from cubic to rhombohedral structure via
Bi doping.*"*

Recently, the discovery of an unprecedented high thermo-
electric figure of merit (zT) of ~2.6 in SnSe has drawn
attention to study other lead-free layered two-dimensional
chalcogenides from the IV—VI family.43 At ambient conditions,
GeSe has a layered crgrstal structure (space group Pnma)
similar to that of SnSe.”” Based on temperature and pressure,
GeSe crystallizes in three dissimilar crystal structures, namely,
orthorhombic (space group, Pnma), rhombohedral (space
group, R3m), and cubic (space group, Fm3m). Whereas, GeS
undergoes a structural phase transition from Pnma to high
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symmetric Cmcm phase at ~863 K.*° In Figure 1, we have
summarized the potential germanium chalcogenide based
thermoelectric materials with their zT’s and the year of
discovery.
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Figure 1. Thermoelectric figure of merit, zT, as a function of
temperature and year representing the major milestone in the
germanium chalcogenide research.

Here, we have discussed the recent progress and challenges
on the enhancement of thermoelectric properties of
germanium chalcogenides by using state-of-the-art approaches.
This perspective will motivate researchers to further investigate
and improve the performance of germanium chalcogenides to
replace the lead-based materials for the mass-market
applications. The perspective is arranged as follows: first, we
briefly summarized the chemical bonding, crystal structure, and
phonon dispersion of GeTe. Then, we discussed the
enhancement of the Seebeck coefficient by using electronic
structure modulation such as the formation of resonance state,
convergence of the valence band valleys, and the newly
discovered slight symmetry reduction in GeTe. The discussion
is followed by the mechanism of the reduction of lattice
thermal conductivity by alloying and nanostructuring ap-
proaches. Next, we have mentioned the progress of layered
germanium chalcogenides (GeSe and GeS) as effective p-type
thermoelectric materials. Finally, we conclude by providing
possible directions and challenges for further improvement of
TE performance of technologically important germanium
chalcogenide system.

B CRYSTAL STRUCTURE AND LATTICE DYNAMICS
IN GeTe

In order to gain a better insight into the role of lattice
dynamics on the thermal conductivity and other related
properties of GeTe, it is essential to understand more about
the chemical bonding, crystal structure, and phase transition of
GeTe. GeTe has rocksalt crystal structure (space group Fm3m
with a lattice constant of a = 6.009 A), similar to lead
chalcogenides (PbX; X = S, Se, Te) only at high temperature
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(>700 K).**7* Below 700 K, GeTe undergoes a structural
distortion along the [111] direction of cubic structure and
adopts rhombohedral structure (R3m with the lattice
parameters of a = b = 4.164 A and ¢ = 10.690 A) (Figure
2).2 Although similar structural distortion is also observed in
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Figure 2. Rhombohedral to cubic structural phase transition in GeTe
(blue and yellow atoms are Ge and Te, respectively).

semimetal Sb and Bi, GeTe is ferroelectric because of the
presence of two different atoms (Ge and Te) with different
electronegativities making the bonding polar.** At room
temperature, the crystal structure of PbTe and SnTe is cubic,
whereas GeTe crystallizes in the less symmetric rhombohedral
crystal structure. This anomaly mainly governs by the presence
of the ns? lone pair on the cation.*” The role of the lone pair
has long been invoked for explaining the off-centering
structural distortion. The ns®> lone pair can be either
stereochemically active or quenched depending on the local
bonding. Interestingly, as the molecular weight of the metal
increases, the chance of quenching of the ns* lone pair
increases, which favors the formation of high symmetrg
structure that is clearly seen in cubic SnTe and PbTe.*
When comparing the orbital energy levels of GeTe and PbTe,
the separation between the cation s and anion p electronic
band is higher in PbTe than that of GeTe (see Figure 3),
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Figure 3. Atomic orbital energy and bandwidth of cation s (circle)
and p bands (square) and anion p band (diamond) for IV—VI
chalcogenides.*® Reproduced with permission from ref 48. Copyright
2003, American Physical Society.

resulting in weak cation-s and anion-p interaction for PbTe
(relativistic effect) which favors the stable rocksalt structure in
PbTe, whereas GeTe undergoes a rhombohedral distor-
tion.””** GeTe is metallic, but other germanium chalcogenides
such as GeS and GeS are a semiconductor.””** This can be
attributed to the better mixing of anion p and cation p orbitals
in GeTe as the electronegativity decreases down the group in
chalcogens (S to Te).*®
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The relative displacement of the Ge and Te sublattice along
the [111] direction makes GeTe ferroelectric near room
temperature. This distortion changes the angle o = 88.35°
from ideal angle of 90° between the axes in the face-centered
cubic unit cell.”® The crystal structure turns noncentrosym-
metric due to the atomic rearrangement, resulting in a
spontaneous polarization of ~60 uC/m>** The similar
structural phase transition has been realized previously in
SnTe,*’ Pb,_,Ge,Te,”" and Pb,_,Sn,Te” in low temperatures.
The neutron diffraction study by Chattopadhyay et al. showed
that this ferroelectric structural transition is displacive in
nature.”® Mention must be made that number of atoms (two)
and formula unit (one) 6per primitive unit cell of GeTe for both
the phases are same.”® Moreover, density functional theory
(DFT) calculation has indicated that this transition is mainly
because of the displacement of Ge and Te.*® However, recent
local structural analysis by extended X-ray absorption fine
structure (EXAFS) and pair distribution functional (PDF)
have verified the ferroelectric structural transition is the order—
disorder type.””**

GeTe has gained much attention from both the researchers
and industry because of its unique properties. Change in the
microscopic structure from crystalline to amorphous phase is
observed after Sb substitution.””*® Due to the fascinating
properties such as ferroelectric and phase change behavior,
GeTe becomes the heart of many experimental and theoretical
studies. The ferroelectric phase transition in GeTe is identified
by softening of transverse optical (TO) phonon modes at
zone-center (I").”” Raman scattering on GeTe showed the
presence of two peaks at 98 and 140 cm™" corresponding to E
and A, modes, respectively, which arise due to the vibration of
Ge and Te sublattices along and perpendicular to the 3-fold
axis.”” Softening of these two modes has been observed with
increasing temperature.”’46

Recently, Wdowik et al. provide clear insight into the lattice
dynamics of GeTe (both the phases a and f8) together with
inelastic neutron scattering experiments and density functional
theory calculation.”” To understand the thermal transport of
both rhombohedral and cubic GeTe, it is important to examine
phonon dispersions of both the phases. Phonon dispersion for
a-GeTe at the I' point exhibits six vibrational modes, namely,
three acoustic modes, two transverse optical modes (TO), and
one longitudinal optical mode (LO) (Figure 4a). Both A,
(nondegenerate) and E (doubly degenerate) modes for
rhombohedral GeTe (a-GeTe) are Raman and IR active
owing to the absence of inversion symmetry in the structure.
Whereas, phonon-dispersion of the high-symmetry rocksalt
structure of GeTe (f phase) provide the evidence for the
presence of several soft phonon modes, mainly TO
components which are responsible for the symmetry change
at the phase transition (Figure 4b).”’ Notably, phonon
dispersion of cubic GeTe exhibits several imaginary modes in
the Brillouin zone which is one of the reasons for the absence
of cubic GeTe at ambient condition, whereas the rhombohe-
dral phase exhibits real modes. The f phase exhibits local
distortions similar to Peierls distortion, which result in three
shorter (2.86 A) and three longer (3.25 A) Ge—Te bonds.””*

Generalized phonon density of states displays the extension
of the acoustic band is from 0 to ~11 eV.”” The mixed
vibration of the Ge and Te sublattice contributes to the
acoustic and intermediate TO modes. The highest frequency
region, composed of the LO-phonon band, is governed by the
vibrations of the Ge sublattice, which is also confirmed by the
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Figure 4. Phonon dispersion plot of (a) rhombohedral and (b) cubic GeTe. Solid and dashed lines represent transverse (T) and longitudinal (L)
modes, respectively.”” Reproduced with permission from ref 29. Copyright 2014, American Physical Society.

phonon density of state (Ph-DOS) calculation and the '**Te
nuclear inelastic scattering experiments.”” Phonon DOS of
cubic GeTe shows noticeable red-shift corresponding to
rhombohedral GeTe which can be attributed to the phonon
softening in the cubic phase.”

The high zT of a material demands low lattice thermal
conductivity, k.. Introduction of micro- and nanostructures in
the matrix is the well-known approach to controlling the
phonon propagation and hence thermal conductivity.""”
However, it is essential to understand the influence of
chemical bonds on the phonon transport. Room temperature
Kiye for GeTe is ~2.7 W m™! K™! whereas for InSb is 16 W m™
K120 Although the structures of GeTe and InSb are
different, according to simple mass disorder rule, they should
follow the reverse trend as discussed previously by Lee et al.*’
Here, chemical bonding plays an important role. Softer
bonding in GeTe compared to InSb leads to decrease in the
speed of sound and the lattice thermal conductivity (eq 1):

—lel

at v-al
3

K

(1)

where, C,, v,, and [ are heat capacity at constant volume, sound
velocity, and mean free path, respectively. Octahedral
coordination in GeTe results in softer bonding compared to
that of InSb (tetrahedral bonding) which leads to the decrease
in the average sound velocity in GeTe (1900 m/s)"’ compared
to InSb (2300 m/s)®" and thereby lower lattice thermal
conductivity in GeTe. Moreover, the presence of the soft
transverse optical mode in GeTe””*”* results in the reduced
phonon mean free path (~1—100 nm for GeTe,”* ~10—1000
nm for InSb*®) which further favors achieving lower lattice
thermal conductivity in GeTe compared to that of InSb. This
soft-phonon mode mediated phase transition temperature can
be decreased to room temperature from 700 K through proper
carrier engineering, which can bring down the lattice thermal
conductivity of GeTe to its minimum value and, thus, can
improve the thermoelectric performance of GeTe near room
temperature.

B ELECTRONIC PROPERTIES

Electronic Structure of GeTe. The power factor (S%c) is a
product of electrical conductivity (6) and square of the
Seebeck coefficient (S), which generally have an inverse
relation to each other for the typical degenerate semi-

)

conductors as per the following equations,’
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2. 2 2/3
5= m*T[g]
e n (2)
0 = ney (3)
S Ny G,
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where kg is the Boltzmann constant, e the electron charge, h
the Planck constant, m* the effective mass of carriers, n the
carrier concentration, y the carriers mobility, C; the average
longitudinal elastic moduli, m;* the inertial effective mass, Ny
the total valley degeneracy, and E, the deformation potential
coefficient. From the above equations, it is clear that S and n
have an inverse relation to one another, whereas ¢ is directly
proportional to n. Equation 4 shows that the power factor
(S%c), where acoustic phonon scattering dominates, is strongly
depended on valley degeneracy (Ny) and inertial effective mass
(my*).%% Thus, engineering the electronic structure with the
appropriate dopants should be an essential route to increase
the power factor via essentially the enhancement of the
Seebeck coeflicient. Further, uniform doping or alloying can
significantly alter the electrical conductivity and enhance the
Seebeck coefficient; however, the mobility would be strongly
affected in this process. Thus, to enhance the Seebeck
coefficient, many strategies have been employed, mainly by
distorting the electronic structure such as valence and/or
conduction sub-bands convergence, formation of resonant
state at and around the Fermi level (E;), and energy filtering
where low energy minority carriers get blocked. IV—VI
tellurides have two valence bands, the light hole valence
band at L and the heavy hole valence band at the X point of
the Brillouin zone. The energy separations between these two
valence bands (AE; _s) are ~0.15 eV for PbTe®*** and ~0.35
for SnTe.®>*® The increase in temperature and introduction of
doping reduce the energy separation, which provides a _Path to
access the heavy hole X-band for charge transport.”*°

GeTe adopts both rhombohedral (R3m) and cubic rock-salt
structure (Fm3m) at 300 K and above 700 K, respectively.”’
GeTe exhibits a theoretical principle band gap, E, value of
~0.243 eV (experimental value being E, ~ 021 eV). The
valence band (VB) is formed by Te Sp states due to higher
electronegativity of Te (yr. = 2.10) than that of Ge (yg. =
2.01) and conduction band (CB) constituted by mainly Ge 4p
states. The p-type narrow band gap GeTe exhibits low Seebeck
coefficient (S ~ 34 uV/K), high electrical conductivity (¢ ~
8000 S/cm) due to large carrier density (10*°—10*' cm™?), and

DOI: 10.1021/acs.chemmater.8b02676
Chem. Mater. 2018, 30, 5799—5813


http://dx.doi.org/10.1021/acs.chemmater.8b02676

Chemistry of Materials

large total thermal conductivity (K ~ 8 W/(m-K)), which
leads to zT of ~0.8 at 720 K***® Thus, suppressing the
intrinsic Ge vacancies along with excess p-type carrier
concentration significantly enhances the power factor through
enhancement in the Seebeck coefficient (S o« (1/1)*?).>” The
review article on GeTe published few years back has
intensively summarized the suitable dopant elements and
compounds that are capable of optimizing the carrier
concentration and thermoelectric properties.”” In this
perspective, we have mainly focused on chemical bonding,
modulation of electronic/phonon structures, recent trends, and
newly implemented strategies in order to improve the
thermoelectric properties of not only GeTe but also other
important Ge-chalcogenides.

Electronic Band Convergence. Effect of valence band
convergence has been realized in GeTe based systems as it has
two valence bands, light hole valence band (L point, effective
mass of 1.3m,) and heavy hole valence band (Z point, effective
mass of 6.1m,)*° (Figure Sab) with energy separation
(AE;_y) of ~0.27—-0.38 eV in its cubic phase (Figure
5b).%777 Recently Wu et al.*’ have found that 3 mol % of
Bi,Te; doped Geg,Pb, 3Te showed a large Seebeck value of
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Figure S. Electronic structure of (a) rhombohedral (« phase) and (b)
cubic (f phase) GeTe.’(c) Temperature dependent Seebeck
coefficient (S) of GeTe based materials. (d) Seebeck coefficient vs
carrier concentration plot for various GeTe samples at 300 and 623 K.
Solid and dotted lines represent the theoretical Pisarenko plot of
GeTe at 300 and 623 K, respectively.*® (e) Schematic illustration of
the band offsets among the L, ¥, and C bands with temperature.*’ (f)
Schematic electronic structure of GeTe and Ge,_ M,Te near the
Fermi level. (a) and (b) Reproduced with permission from ref 69.
Copyright 2018, National Academy of Sciences, USA. (e)
Reproduced with permission from ref 40. Copyright 2014, American
Chemical Society.
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273 uV/K at 773 K (Figure Sc), which led to zT of 1.9 at 773
K, and the obtained high S values were clearly situated far
above the Pisarenko line (S vs n) at 623 K (Figure 5d). To
understand the reason behind the enhancement of the Seebeck
coefficient, electronic structure calculations have been carried
out which clearly revealed that the energy offset of ~0.23 eV
between two valence bands decreases to ~0.14 eV (Figure Se)
that facilitates valence band convergence in 3 mol % of Bi,Te;
doped Geyg,Pby;Te.* Charge carriers of heavy X-band
contribute to conduction, thereby enhancing the Seebeck
coefficient without degrading electrical conductivity. The
schematic diagram of valence band convergence that was
realized in GeTe is illustrated in Figure 5f. The 3 mol % Bi,Te;
addition of GeTe increases the solubility of Pb, which
enhances valence band convergence by decreasing the extent
of thombohedral distortion in cubic GeTe. Further, Sb doping
GeTe has shown a high zT of 1.85 at 700 K due to the
observed large S value of 256 uV/K at 723 K (Figure Sc).
Aliovalent Sb*" doping at the Ge®' site in GeTe effectively
suppressed p-type carrier density, and Sb doping increases the
valley degeneracy (Ny ~ 12) as the addition of Sb promotes
the system to be more in cubic (Fm3m) structure rather than
rhombohedral (R3m), thereby enhancing the Seebeck
coefficient.””® The S values of Ge,ySby,Te were also not
following the Pisarenko line, and it showed higher effective
mass (m*) of 2.07 m, than that of the pristine GeTe (1.43 m,).
Both the reductions in p-type carrier density and increase in
valley degeneracy have accounted for enhancement of S values
upon Sb doping in GeTe. To have further insights on the role
of Sb in GeTe, electronic structure calculations using DFT
were performed which revealed that substitution of Sb in GeTe
reduces the energy separation (AE;_y) between light L and
heavy X bands, from ~0.21 eV for GeTe to ~0.16 eV for
Ge,Sb,Te;, which indicates a move toward valence band
convergence.”> Moreover, Bi and Sb codoped GeTe decreases
the energy offset value further down to ~0.15 eV for
Ge,3BiSb,Te; which led to the high 2T of ~1.8 at 725 K>

Recently, Zheng et al.”* have shown that alloying of MnTe
in GeTe effectively reduces the energy difference between light
and heavy hole valence bands, which enhances the valence
band convergence. As the MnTe concentration increases in
GeTe the energy offset (AE;_y) between L and X bands
decreases from ~0.21 eV for GeTe to ~0.05 eV and ~0.01 eV
for Ge,gMnTe,, and Ge,sMn,Teq, respectively. The calcu-
lated effective mass of charge carries in GeygsMny sTe is ~4.69
my, which is notably higher as compared to pure GeTe (~1.44
my), which suggests that the second/heavy valence band
participates in conduction via valence band convergence and
subsequently enhances the Seebeck coeflicient upon Mn
doping in GeTe.”” It is to be noted that the measured Seebeck
values do not fit the Pisarenko line using a simple parabolic
single band model and even a two-band model (Figure Sd).
However, Mn substituted GeTe samples have not shown much
improvement in zT due to the obtained low power factor and
considerably high thermal conductivity. Thus, the carrier
concentration of Ge;_,Mn Te was optimized by substitution of
Sb in GeTe. Due to the strong aliovalent nature of Sb, the
carrier concentration was reduced from 2.25 X 10*! cm™ to
8.37 X 10%° cm™ for GeygoMng o Te to GeygMny1oSbgosTe,
respectively. With the addition to the Seebeck coefficient, the
power factor was significantly increased and the maximum
power factor of ~30 yW cm™' K? at 673 K was obtained for
the composition of Geyg,MngoSbggsTe. A maximum zT of
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~1.61 at 823 K was obtained for Gejg¢Mn oSbg,Te via the
combination of valence band convergence by MnTe alloying
and carrier optimization by Sb in GeTe. Although Mn alloying
in GeTe significantly reduces the valence band offset compared
to Sb doping, the power factor decreases significantly in the
Mn and Sb codoped sample due to high p-type carrier
concentration. Thus, Geyg,Mng oSbyo,Te exhibits slightly
lower zT of 1.61 compared to that of GeyoSby,Te (zT of
1.85). In addition, Liu et al.®’ have shown that codoping of Bi
and Mn in GeTe leads to significantly high zT of ~1.5 at 773 K
with average zT of ~I1.1 from 300 to 773 K for the
composition of Geyg;Mng;sBiyo4Te. This enhancement in zT
was achieved due to the simultaneous process of suppression of
Ge vacancies and p-type carrier density by Bi doping and
modification of valence bands by Mn doping. Moreover,
electronic structure calculations reveal that Mn doping in
GeTe significantly increases the hole concentration and
thereby pushes the Fermi level downward where multiple
valence sub-bands are accessible, and those contribute for
conduction.”” From the band structure calculations, it is
noteworthy to say that modification of DOS near the Fermi
level along with the feasibility of accessing the multiple valence
band upon Mn doping in GeTe is responsible for the observed
high effective mass of 3.9 m, and the large Seebeck coefficient.

Symmetry-Breaking Strategy. The leading thermo-
electric materials from the IV—VI family, especially PbTe
and SnTe, have been known for rock-salt NaCl structure
(Em3m) with double valence bands occurring at the L and
points in the Brillouin zone, which help them to exhibit high
power factor of ~30 gW cm™' K™% and ~20 yW cm™ K2 for
PbTe and SnTe, respectivel}r.74’75 Though, GeTe from the
same family has not been explored well, it interestingly
possesses a significantly high power factor of ~40 yW cm™
K™27° The concrete reason behmd the high power factor of
GeTe was unclear until Li et al.” extensively performed the
electronic structure calculation and realized that the high
power factor is attributed to heavy £ band contribution for
conduction, whereas the light hole in the L band dominates the
transport in both PbTe and SnTe. Moreover, electronic
structure calculations have demonstrated that 8 half-valleys at
the L band (4 equivalent L band) in cubic GeTe (Fm3m) split
into 6 half-valleys at the L point (3 equivalent L band) and 2
half-valleys at the Z point (1 equivalent Z band) in
thombohedral GeTe phase (R3m), while 12 full valleys of
the X band in Fm3m split into 6 along = and other 6 along the
1 line (Figure 6a).””*' Notably, the valence band maximum at
the L point in cubic GeTe shifts to heavy £ band in
rthombohedral GeTe during phase transition. As a result,
heavier effective mass carriers of the ¥ band dominate in
transport properties in rhombohedral GeTe at room temper-
ature, which, in fact, led to the unconventional enhancement in
power factor in GeTe, unlike in PbTe and SnTe. Recently, Li
et al*' have demonstrated slight symmetry reduction to
rhombohedral GeTe from the cubic phase by Pb and Bi doping
resulting in effective convergence of valence bands, which gave
rise to the maximum zT of ~2.4 at 600 K and a device zT of
1.3 in the temperature range of 300—600 K (Figure 6b)."* We
believe this is an innovative strategy to enhance the
thermoelectric performance in GeTe, which can be used for
other thermoelectric materials.

Resonant States. Local distortion of density of states
(DOS) by creating resonant states near the Fermi level can be
an efficient strategy to enhance the Seebeck coefficient. This
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Figure 6. (a) Schematic energy diagram of the evolution of the
electronic structure of GeTe from the cubic to the rhombohedral
phase depending on the extent of symmetry reduction”’ and (b)
temperature dependent thermoelectric figure of merit (zT) of
rhombohedral GeTe (GeggsPbg1oBigosTe) with state-of-the-art
thermoelectric materials.** (a) and (b) Reproduced with permission
from ref 41 and ref 42. Copyright 2018, Elsevier.

local enhancement in DOS within a small energy range can be
realized when dopant energy level resonates with the valence
or conduction band of the host semiconductor material. A
fundamental relation between local change in DOS and S is
given by Mott, which is given below,””

kg - dlIn(c(E))]
3e dE (s)

where 6(E) is energy-dependent electrical conductivity which
is strongly dependent on DOS. Thus, distortion of DOS by
introducing a resonant state in the parent materials is expected
to increase the ¢(E) and thereby Seebeck coefficient. Resonant
states induced unconventional DOS distortion has been
reahzed in many of the IV-VI materlals, such as Tl in
PbTe, Al in PbSe,”® and In in SnTe.” Similarly, it has been
shown that the DOS of GeTe near the Fermi level in the
valence band can also be distorted by the group IIIA element
of Ga and In at the Ge site in both rhombohedral and cubic
GeTe (Figure 7a)b).*’ In particular, dopants of In and Ga
induce two states, (i) the hyper-deep states at —5 to —6 eV
well below the valence band and (ii) the deep defect states at
around the Fermi level above valence band, which is more
active and interestingly increases the energy-dependent
electrical conductivity, 6(E), by distorting the DOS at the
Fermi level and supports enhancing the Seebeck value of GeTe
as seen in Figure 7c. Further, these deep defect states (DDSs)
are formed due to hybridization between resonant atoms (In/
Ga) and host GeTe matrix. The fully filled valence band of
GeTe becomes half-filled upon In doping, and every In atom
doping at a Ge site generates one hole. Though both In and Ga
create resonant levels in GeTe, the hybridization of In with its
Sp' rather than Ss* in GeTe dominates and forms deep states
well above the valence band, whereas energy levels from Ga get
slightly deep into the valence band. So, In doping performs as

S =

IE = E
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Figure 7. Density of states (DOS) of (a) high temperature cubic
phase GegTes, and GegInTey, and (b) room temperature
rhombohedral phase GegTeg, and GegInTeg>' (c) Temperature
dependent Seebeck coefficient (S) of In doped and In and Sb
codoped GeTe. (d) Seebeck coefficient vs carrier concentration plot
for In and Sb doped GeTe samples at 323 K. (a) and (b) are
reproduced with permission from ref 31. Copyright 2017 Nature
Publishing Group (http: //creativecommons.org/licenses/by/4.0/ ).

an efficient resonant dopant in GeTe in order to distort DOS
near the Fermi level. Due to the indium induced DOS
distortion, the sample of 5 mol % of In-doped GeTe has shown
the Seebeck value of 137 V/K at 300 K which is significantly
high and strongly deviated from the Pisarenko line plotted
from experimental S vs n as shown in Figure 7d.>' Moreover, a
maximum power factor of 42 uW cm™ K2 and the highest 2T
of ~1.3 was achieved for the composition of Gegglngg,Te.
Recently, Hong et al.** have achieved the significantly high zT
of ~2.3 at 680 K and average zT of ~1.6 in Sb and In codoped
GeTe, where doping of Sb, In, and Sb—In has been associated
with reduction in carrier density, formation of resonant states
by distortion of DOS near the Fermi level, and increase of the
valley degeneracy via room temperature phase transition from
low symmetry R3m to high symmetry Fm3m structure,
respectively. Interestingly, the electronic structure calculation
with spin—orbital coupling has demonstrated that low
symmetry (R3m) GeTe has 6 full valleys at the heavy X
point, whereas high symmetry cubic (Fm3m) GeTe consists of
12 full valleys at the 2 point with 8 half-valleys at the L point,
which is the reason behind high thermoelectric performance in
Sb and In codoped GeTe.”” In this context, the S value of
Gegg3Sbo1,Te was to be ~155 uV/K at 300 K (Figure 7d),
while S of GejgggSby 1,Ing g, Te has increased to ~195 uV/K
due to a large change in the DOS near the Fermi level by In
states along with p-type carrier optimization and band
convergence by Sb doping.””*> The observed S values of
Ge,_,_,Sb,In,Te were also deviated from the Pisarenko line at
323 K (Figure 7d), which is an evidence for the contribution
from the second valence bands and DOS modification due to
the resonance level.

B REDUCTION OF THE LATTICE THERMAL
CONDUCTIVITY

Heat in crystalline solids is generally transported by charge
carriers, phonons, magnons, and excitation, but in thermo-
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electric degenerate semiconductors, heat is mainly transported
by charge carriers and phonons.””” As the electronic
component of the thermal conductivity is strongly related to
electrical conductivity through the Wiedemann—Franz law (k
= LoT), it is not beneficial to decrease the k. owing to linear
dependence of the power factor to electrical conductivity.”
Lattice thermal conductivity (ki) is the only materials
property that can be manipulated independently to enhance
zT of the TE materials. Years of research to decrease the lattice
thermal conductivity has come up with different promising
strategies. Introduction of various types of crystal defects, viz.,
point defects (0D), dislocations (1D), interfaces (2D), and
formation of grain boundaries, are the two traditional strategies
to reduce lattice thermal conductivity by accelerating the
scattering rates of phonon waves.”” The concept of endotaxial
nanostructuring is proven to be effective to reduce kj, by
utilizing the phonon-interface scattering mechanism, without
severely affecting the charge carrier mobility. Unfortunately,
most of the phonon scattering mechanisms are prevailing
toward a certain range of phonon frequencies (i.e., while point
defect scattering targets high frequency phonons; 2D
interfacial scattering, grain boundaries, or fine nanoprecipitates
dominantly scatter low frequency phonons),” thus the entire
scale hierarchical phonon scattering mechanism is desired to
achieve Ky, in a particular thermoelectric material.'’

GeTe exhibits superior electronic properties as well high
power factor owing to unique electronic structure as discussed
in the previous section, whereas GeTe possesses quite a high
Kie of ~2.7 W/(m K) despite having a very low theoretical
minimum limit of Ky, (K, ~ 0.3 W/(m K)), which is indeed
restricting high thermoelectric performance of GeTe.*”
Recently, GeTe based materials stand out to be one of the
best-performed thermoelectric materials due to reasonably low
Ki,- Here below, all the major recent tactics employed recently
to reduce the ki, of GeTe are discussed (Figure 8).

Solid Solution Alloying. Alloying or doping is effective to
decrease the kj,, of materials by introducing atomic disorder

7/ Modulations
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o, (Herring
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Figure 8. Illustration showing the different phonon scattering
mechanisms for reducing lattice thermal conductivity (ki) of GeTe.
Reproduced with permission from ref 16, copyright 2017, American
Chemical Society; ref 20, copyright 2015, American Chemical
Society; and ref 35, copyright 2017, John Wiley and Sons.
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(either substitutionally or interstitially) in the crystal lattice,
which is generally considered as point defects. Alloying or
doping leads to the mass contrast between foreign atoms and
regular lattice sites, which indeed enhances the phonon
scattering rate. Frequency dependence of the point defect
phonon scattering relaxation time (7pp) is given by the
following equation:*’

o Vo' m. \* '\
0 = 3Zfi1_f+2fil_?
4y n : T
4
= Vw3lﬂ:Aa)4
47y, (6)

where V is the average volume per atom, w is the phonon
frequency, and f; is the fraction of atoms with mass m; and
radius r; on a crystallographic site with average mass m and
radius 7. I is the disorder scattering parameter which equates
to I' = Iy (mass fluctuation term) + ['gp (strain field term).
Thus, the higher the mass and size mismatched between the
host and the foreign atom, the higher the phonon scattering.

Alloying/doping of the parent (host) compound with
another foreign element can be driven by enthalpy, entropy,
or both depending upon the miscibility between the host and
the foreign compounds. When host and foreign compounds
are completely miscible for a certain percentage of foreign
compounds (x%), alloying is mainly driven by the enthalpy of
the system, which is a major case for the alloying between two
binary systems. Figure 9 shows a comparison of lattice thermal
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Figure 9. Comparison of lattice thermal conductivity (k) of GeTe-
based materials at room temperature. Reductions of k,, of all the
samples are ascribed to the phonon scattering due to point defects.
(b) Temperature variation of x;,, of GeTe,
GeoSbo,1 TeSe0.05S0.05)Ge0.9Sbo 1 TegoSeqs and GeggSby;Teg oS0 1
representing a pseudoternary system, is superior to achieve low ki,
compared to that of the binary system.

conductivity (ki) of different GeTe-based samples at room
temperature, where reduction in kj,, of samples is mainly
ascribed to point defect phonon scattering. Alloying of GeTe
with Sb causes a significant reduction in kj, which is due to
effective phonon scattering from point defects, domain
structures, and twin, inversion, and grain boundaries, e.g., ki,
of GeTe decreases from 2.7 W/(m K) to ~1.4 W/(m K) in the
GeggSby 1o Te sample.”” Further lowered ~ki, in Ge,_,Sb,Te
samples can be achieved by introducing additional point
defects by Se alloying (kj,, ~ 0.8 W/(m K) in
GepgsSbo15TepgsSe0.12)-"° Alloying of MnTe with GeTe causes
colossal reduction in K in the range of ~0.25—0.5 W/(m K)
at 800 K, approaching the k., of GeTe.”®" Mn in
Ge;_,Mn,Te introduces enhanced mass fluctuations as well

as creates strain field (because of radius mismatch of Mn and
Ge) which serves as phonon scattering centers. Moreover,
MnTe alloying with GeTe softens the chemical bonds, thereby
decreasing phonon group velocity, which further reduces the
Kiae (eq 1). Co-doping is also an effective way to reduce ki, by
introducing increased point defects arising from both the
dopants. Considerably low ki, of ~0.7 W/(m K) is realized in
Pb and Bi codoped GeTe samples at room temperature
because of the synergistic effect of mass and size fluctuations
resulting from both Pb and Bi doping.*' Sb and In codoping in
GeTe resulted in significantly reduced ki, (~0.72 W/(m K) in
GeggoSbg1Ing Te at 300 K) which is mainly ascribed to
extrinsically strengthened phonon scattering due to grain
boundaries, point defects, and stacking faults within the cubic
phase of GeTe.”” Recently, alloying of PbSe with GeTe
resulted in ultralow kj,, of ~0.5 W/(m K) at 300 K, which is
driven by enhanced point defect scattering benefiting from
both cation and anion disorders.*

Entropy engineering is an effective approach to reduce the
Ki, Of a system via formation of extensive point defects which
can inhibit the propagation of heat-carrying phonons. Ternary
systems such as PbTe—PbSe—PbS or GeTe—GeSe—GeS are
expected to have higher degree of disorder, i.e., higher entropy
compared to that in binary systems such as PbTe—PbSe or
GeTe—GeSe.'”" In spite of poor miscibility between GeTe
and GeS, ternary (GeTe),_,,(GeSe),(GeS), forms entropy
driven extended solid solution up to a certain percentage of
GeS (10 mol %). When GeS concentration exceeded 10 mol
%, phase separation of GeS rich 5—30 um sized GeS
precipitates occurred into the GeTe,_,Se, matrix. These bigger
precipitates do not effectively participate to scatter the heat
carrying phonons in GeTe as the mean free path of the heat
carrying phonon ranges 1—100 nm. Rather, such an entropy
driven system existed with full of point defects and disorder,
which have been verified by fitting the experimental x,, data by
Callaway’s model. A low ki, of ~0.91 W/(m K) was achieved
in (GeTe)yo(GeSe)gos(GeS)gos at 710 K. Sb alloying and
spark plasma sintering (SPS) of the (Ge-
Te)o(GeSe)os(GeS)gos sample further suppressed the ki,
to as low as ~0.7 W/(m K) at 728 K because of excess phonon
scattering due to entropy driven solid solution point defects
and grain boundaries.'® Figure 9b exhibits the comparison of
ki, among of GeTe, GegoSbg Teq 9Seq.0550.05)
Geg.9Sbg.1Teg 9Sey; and Geg 9Sby 1 Teg 9So. ;-
GeoSby1TegoSe05S00s exhibits the lowest ki, among them
showing the effectiveness of the entropy driven point defects
involving a broad set of multiple types of mass fluctuations
both in cation and in anion sites of GeTe such as Ge/Sb, Te/
Se, Te/S, and Se/S.

Nanostructuring. Nanostructuring in the form of nano-
precipitates is one of the most anticipated strategies in
thermoelectrics for reducing lattice thermal conductivity by
scattering phonons with mid to long wavelengths. Interestingly,
for IV=VI metal tellurides, namely, PbTe, SnTe, and GeTe,
more than 90% of ki, is dominated by the phonons having
mean free paths in the range of 1-100 nm.>>° Thus,
nanostructuring is believed to be an effective pathway to
reduce the Ky, of the GeTe (Figure 10). Pseudobinary
(GeTe),(AgSbTe,) 00—, (TAGS-x) alloys are best recognized
for their low kj,; (~0.8 W/(m K) in TAGS-85 and 1 W/(m K)
in TAGS-80 at room temperature), which is mainly attributed
to the presence of second phases (AgsGeTe, AgsGeTe;, and
Ag,GegSbTey, in TAGS-85 and Ag;GeTe, in TAGS-80) as
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Figure 10. Comparison of lattice thermal conductivity (k) of
different GeTe-based nanostructured samples at room temperature
(300 K). Inset shows the normalized cumulative k; with phonon mean
free paths (MFPs) of rhombohedral GeTe (R-GeTe, blue line) and
cubic GeTe (C-GeTe, red line) between 1 nm and 10 gm at 300 K.*?
Inset figure, reproduced with permission from ref 32. Copyright 2018,
John Wiley and Sons.

nanostructures (Figure 1la,b) and nano-/microstructure
modulations (twin boundaries, inversion boundaries, herring-

Figure 11. (a) and (b) Nanoprecipitates in TAGS-85%* and TAGS-
80,** respectively. (c) Low magnification TEM image of TAGSSe-
75%° showing the homogeneous distribution of AgsTe, nano-
precipitates in the GeTe-rich matrix. (d) High-Resolution TEM
micrograph of TAGSSe-75 confirms the presence of Ag,Te nanodots.
(a) and (b) Reproduced with permission from ref 84. Copyright
2012, TMS. (c) and (d) Reproduced with permission from ref 3.
Copyright 2017, John Wiley and Sons.

bone structures, antiphase domain, etc.) in the GeTe rich
ix.**7%  Another series of pseudobinary compound
(GeTe),(AgSbSe,) 90— (TAGSSe-x) have been recently
explored to exhibit ultralow ki, throughout the measured
temperature (300—700 K), viz., TAGSSe-80 exhibits a ki,
value of ~0.4 W/(m K) in the 300—700 K range, which is
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indeed close to the «

in of GeTe.”® Transmission electron
microscopy (TEM) of TAGSSe-80 and TAGSSe-75 reveals
homogeneous distribution of Ag,Te nanodots (2—6 nm) and
Ag;Te; nanoprecipitates (20—80 nm) embedded in the GeTe-
rich matrix along with grain boundaries (Figure 11c,d). This
hierarchical nano-/meso-structuring in the GeTe matrix
resulted in significant scattering of the phonon with different
wavelengths to gives rise to ultralow kj,, in TAGSSe-x (x = 80,
75).

Ge rich Ge, ,Pb,Te is a unique system to study the
correlation between nano-/microstructures and kj,, (Figure
12a).**7*%%7 When the concentration of Pb in Ge,_,Pb,Te

1200

Ge, Pb Te Liquid (L)

Figure 12. (a) Quasi-binary phase diagram of the GeTe-PbTe system
depicting miscibility gap of GeTe and PbTe. (b) TEM micrograph of
Gegg,Pbg 3Te showing presence of spherical precipitates of PbTe
(spot 1) in the GeTe rich matrix (spot 2).** (c) SEM-BSE image
Gegg4Pbg3sTe showing lamellar precipitates of PbTe (darker region)
in GeTe-rich matrix (lighter region) formed by spinodal decom-
position mechanism.”” (d) Low magnification TEM image of
GeggsSby 1BiggsTe showing the homogeneous distribution of Bi rich
nanoprecipitates in the GeTe-rich matrix.*® Inset shows a zoomed
version of the nanoprecipitates. (e) and (f) STEM-EDX element
mapping of (CoGe,)y,(GeTe),,Sb,Te; sample confirming the
presence of CoGe, nanoprecipitates. 5 (b) Reproduced with
permission from ref 40. Copyright 2014, American Chemical Society.
(c) Reproduced with permission from ref 87. Copyright 2010,
American Chemical Society. (d) Reproduced with permission from
ref 33. Copyright 2017, American Chemical Society. (e) and (f)
Reproduced with permission from ref 88. Copyright 2015, American
Chemical Society.

exceeds x = S mol %, it undergoes phase separation into PbTe
rich regions in the GeTe matrix. When x is 0.20 > x > 0.05 (in
between the phase boundary and the spinodal curve), phase
separation is mainly dominated by the nucleation and growth
mechanism giving spherical nanoprecipitates (5S0—100 nm) of
PbTe in GeTe-rich matrix (Figure 12b).”**" When « falls in
the miscibility gap of the GeTe—PbTe system (under the
spinodal curve), spinodal decomposition takes the lead which
results in phase separation into lamellar PbTe rich precipitates
in GeTe matrix (Figure 12¢).>* In both the cases, i, of the
Ge,_,Pb,Te system decreases drastically compared to that of
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the pristine GeTe sample, although nucleation is favored over
spinodal decomposition as finer nanostructures are desired to
reduce K. K, values of Geyg,Pbg;3Te and Gey,sPby,sTe are
~0.4 W/(m K) and ~0.5 W/(m K), respectively, at 323 K.***°
Excess Bi addition (10 mol %) in GeTe forms Bi rich
nanoprecipitates in the GeTe matrix, which reduces the xj,; of
the sample, e.g., GeyoBijoTe exhibits Ky, of ~1.1 W/(m K) at
300 K.’ Moreover, Bi and Sb codoped GeTe samples exhibit
significantly low k., (~0.5 W/(m K)) because of synergistic
phonon scattering by the Bi rich nanoprecipitates (Figure 12d)
and atomic-scale point defects created by substitution of Sb in
GeTe.” (CoGe,),,,(GeTe),oSb,Te; shows considerably low
Kie ~ 1 W/(m K) at 323 K whereas control sample
(GeTe),4Sb,Te; (GST) exhibits k,, of ~1.6 W/(m K) at
323 K. This difference in k,, between (Co-
Ge,)02,(GeTe)4,Sb,Te; and (GeTe),,Sb,Te; samples is
mainly attributed to homogeneous distributions of cobalt—
germanide nanoprecipitates in the GST matrix (Figure 12e,f)
which lead to enhanced phonon scattering in (Co-
Gez)o.zz(GeTe)19Sb2Te3'88

B LAYERED GERMANIUM CHALCOGENIDES

Layered metal chalcogenides provide intriguing electronic
properties owing to their two-dimensional crystal structure and
offer diverse opportunities for thermoelectrics. Recently, the
discovery of an unprecedentedly high thermoelectric figure of
merit (zT) of ~2.6 in SnSe has created a sensation in
thermoelectric research.”*> The observed zT arises from a
favorable combination of large Seebeck coefficient resulting
from multiple valence bands near the Fermi level and ultralow
Ky due to strong anharmonicity. The discovery of SnSe has
drawn attention to the study of other lead-free layered two-
dimensional chalcogenides from the IV—VI family.

At ambient condition, GeSe has a layered crystal structure
(space group, Pnma) similar to that of SnSe. Based on
temperature and pressure, GeSe crystallizes in three dissimilar
crystal structures, namely, orthorhombic (space group, Pnma),
rhombohedral (space group, R3m), and cubic (space group,
Fm3m) (Figure 13).”’ In this perspective, we will discuss in
detail how this structural transition affects the thermoelectric
properties of GeSe.

Recently, Hao et al. predicted high thermoelectric perform-
ance in GeSe because of its favorable electronic structure
(multivalence band) and extremely low i, by using first
principles DFT calculation (Figure 14).° The experimentally
measured electronic band gap for orthorhombic GeSe is 1.1 eV
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Figure 13. Crystal structure of (a) orthorhombic (Pnma), (b)
thombohedral (R3m), and (c) cubic (Fm3m) GeSe (green and blue
atoms are Ge and Se, respectively).
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Figure 14. Electronic structure of orthorhombic GeSe at different
dopant concentrations (5 X 10", 5§ X 10", 2 X 10%°, and 4 x 10%).
Reproduced with permission from ref 25. Copyright 2016, American
Chemical Society.

which is much higher compared to that of GeTe.””*’ For the
Pmna phase of GeSe, the first and second valence band
maximum is positioned in the I'=Z direction and at the I'
point, respectively (Figure 14). The energy difference of the
first two valence bands is ~0.13 eV which is smaller compared
to that of PbTe (~0.15 eV). The third valence band exists
along the U—X direction within a small energy difference. The
energy separation of the first and third maxima (~0.16 eV) is
comparable to the spacing between the first and the second
valence band edges of PbTe, where heavy hole contribution
can be significant with a carrier density of 5 X 10" cm™
(Figure 14).>* This indicates a significant contribution from
those entire valence bands when the carrier concentration
reaches ~5 X 10" cm™. The presence of multiple valence
bands within a small energy region can be illustrated as the
Fermi surface with multiple pockets. Due to anisotropic lattice
dynamics, the band effective masses of each valence band
maximum are different. The observed high Seebeck coefficient
in GeSe (~470 uV/K at 300 K)** is mainly arising from the
multiband effect similar to that of orthorhombic SnSe (S ~
480 uV/K at 300 K).*””° Theoretically it is predicted that the
thermal conductivity of GeSe should be lower than that of
SnSe because of the high Gruneisen parameters of GeSe (y =
2.6) compared to SnSe (y = 2.3), mainly ascribed to the
intriguing crystal structure (distorted GeSe polyhedral) of
GeSe.”® However, experimentally SnSe exhibits lower &, (~1
W/(m K) at 300 K) compared to GeSe (kj,, ~ 1.8 W/(m K) at
300 K).**

High Seebeck coeflicient of the multiband system and low
thermal conductivity made GeSe an ideal material for
thermoelectric investigations. The experimentally observed
zT for orthorhombic GeSe is only 0.06 at 720 K which is far
below the theoretically predicted value (~2.5 at 800 K).** The
main reason for its poor performance is its low electrical
conductivity due to extremely low carrier concentration (10'7
cm™3). This leaves the primary motivation for the researchers
to focus on improving the carrier concentration of GeSe. p-
type dopants such as Ag, Cu, and Na and n-type dopants like
Sb, Bi, La, I, and As have been attempted to improve the
carrier concentration of GeSe, but the achieved zT values are
far from the theoretical value.”*

At 930 K, GeSe undergoes a structural transition from
orthorhombic to high symmetry face-centered cubic (FCC)
structure. It is not possible to get the high-temperature cubic
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phase of GeSe at ambient conditions due to the existence of
various imaginary vibration modes in its phonon dispersion
which can be stabilized by applying external pressure as
predicted by first principles theoretical calculation (Figure
15).”" Recently, Huang et al. have stabilized the p-type

OGPa 2GPa 5GPa 7GPa 11GPa

250

Wavenumber (cm-1)

Reciprocal-space points along X—I'-L

Figure 15. Variation of phonon dispersion of cubic GeSe with
simulated external pressure (0—11 GPa). Reproduced with
permission from ref 91. Copyright 2014, American Physical Society.

rhombohedral GeSe phase (space group R3m; a =b = 3.958 A
and ¢ = 10.081 A) by alloying it with AgSbSe,, which showed a
promising thermoelectric figure of merit of 0.86 at 710 K.**
The high thermoelectric performance is mainly coming from
the high carrier concentration (~10%° cm™) resulting from the
multivalley Fermi surface of the rhombohedral phase. The
measured ki, for the AgSbSe, alloyed GeSe sample (0.9 Wm™
K™") is still higher than its theoretical K, value (0.4 W m™
K™"). Moreover, the AgSbSe, alloyed GeSe sample reduces the
transition temperature to cubic GeSe from 930 to 523 K
Calculated electronic structure of rhombohedral GeSe is
similar to that of rhombohedral GeTe. Combination of more
conduction pockets and high effective mass improves the zT of
rhombohedral GeSe compared to orthorhombic GeSe. More-
over, AgSbTe, alloying further enhances the thermoelectric
figure of merit from 0.06 to ~1 at 754 K by converging light
and heavy valence bands.”” This indicates that rhombohedral
GeSe could be a promising thermoelectric material which is
made of more earth-abundant elements with less toxicity.

Recently, Fabian O. von Rohr et al. have synthesized and
calculated the electronic structure of the new f-GeSe.”® The f3-
GeSe exhibits a boat conformation for its Ge—Se six-
membered ring. Formation of -GeSe was only attainable at
high pressure and temperature, but it is stable even at ambient
conditions after the release of temperature and pressure.”
Electronic structure calculation confirms the semiconducting
nature of 3-GeSe, and favorable band gap (bulk: 0.5 eV) makes
it a promising candidate for practical applications.”

GeS, 2D layered germanium monochalcogenide, crystallizes
in orthorhombic structure (space group, Pnma) at ambient
condition similar to its analogue, GeSe. The theoretically
predicted band gap for GeS is ~1.22 eV which is higher
compared to that of GeSe (0.85 V) and SnSe (0.61 eV).”
Unlike SnSe and GeSe, GeS accesses the light hole valence
band upon increasing hole carrier concentration by doping.
Thus, the multiband effect with high carrier concentration is
not an effective approach to increase the Seebeck coefficient of
GeS. At the same time, ki, of GeS is higher compared to that
of SnSe and GeSe. As a result of all the above facts, pristine
GeS is not a good candidate for thermoelectric application
until proper optimization of the thermoelectric parameters

happens.”
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Apart from the binary layered germanium chalcogenides
(GeSe/S), various layered intergrowth ternary Ge chalcoge-
nide based compounds exist which belong to the homologous
family of Ge,M,,X,,3, (M = Sb, Bi; X = Te, Se), where z and n
represent the stoichiometry of GeX and M,X;, respectively.
GeBi,Te, and GeSb,Te, from this homologous family have
topologically protected surface state which is recently verified
experimentally and theoretically.”* GeBi,Te, is one of the
peritectic compounds in the pseudobinary phase diagram of
GeTe—Bi,Te; and crystallizes in rhombohedral structure
(space group R3m) with 21 layers in each unit cell. Schroder
et al. have stabilized the metastable GeBi,Te, at 12 GPa.”
Interestingly, GeBi,Te, exhibits ultralow lattice thermal
conductivity (ki ~ 0.5 W/(m K) at 300 K)” because of
the high molecular weight of Bi and Te and anisotropic layered
structure. This class of compounds has high technological
importance owing to their phase change behavior (crystalline
to amorphous) which can be used in the rewritable storage
device. Importantly, GST (GeTe—Sb,Te;) based materials
have wide applications in rewritable storage device.

B CONCLUSIONS AND OUTLOOK

Research on GeTe has attracted significant attention from the
material facet to the device stage owing to their superior
thermal and mechanical stability. In this perspective, we have
discussed the state-of-art strategies such as carrier concen-
tration optimization, electronic structure engineering via
resonant level formation, and valence band convergence and
crystal defect engineering and nanostructuring approach to
optimize the thermoelectric properties of germanium chalco-
genide based materials. These well-proven strategies enhance
one thermoelectric parameter explicitly with reverse con-
sequences on other thermoelectric parameters restricting the
significant improvement of overall performance because of the
interconnected nature of thermoelectric parameters. Never-
theless, these give us an indication of the huge scope of
research to improve the TE performance by decoupling
interdependent parameters. Synergistic improvement on
computational methods and advanced synthesis techniques
may help researchers to manipulate each and every parameter
further and decouple them to reach a thermoelectric figure of
merit of c.a. > 3 in germanium chalcogenide based materials.
The main constraint for the improvement of thermoelectric
performance of GeTe comes from its intrinsic high p-type
carrier concentration which needs to be solved. Recently, we
have shown that Sb is an effective dopant to solve this issue
partly. Interestingly, GeTe is the only material in the IV—VI
family which crystallizes in the rhombohedral structure at an
ambient condition which has polar Ge and Te bonds, resulting
in ferroelectricity in the structure which has a strong influence
on the transport properties. Near the ferroelectric phase
transition, the thermal conductivity decreases to its minimum
value owing to strong optic-acoustic phonon coupling and
makes enormous room for further studies on the phase
transition of GeTe to achieve the minimum thermal
conductivity near room temperature.

Although remarkable efforts have been made to improve TE
performance of materials in the last few decades, the progress
of research on the high-performance TE device is still very
slow. In spite of tremendous improvement of thermoelectric
performances of p-type GeTe based materials, hardly any
efforts have been made to construct a device or module for the
real-life application.”® Moreover, the high mechanical strength
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(Vickers microhardness of ~209 Hy) and thermal stability of
GeTe-based thermoelectric materials'®****** compared to
other IV=VI chalcogenides such as PbTe/SnTe makes it a
suitable and potential candidate for device applications.
Therefore, significant attention should be given to GeTe
based device fabrication.

Compatibility is another issue for fabrication of any
thermoelectric module or device. Better compatibility of any
thermoelectric device or module demands both a p- and an n-
type leg made of the same materials. Though there are
significant advances of the thermoelectric performance of p-
type Ge-based chalcogenides, hardly any n-type Ge-based
chalcogenide is known hitherto. High hole carrier concen-
tration in GeTe makes it difficult to change the carrier type
from p-type to n-type. So, new methods/strategies are required
to develop high-performance n-type GeTe based materials.

Although high thermoelectric performance is predicted in
orthorhombic GeSe because of its favorable electronic
structure (multivalence band) and extremely low thermal
conductivity by using first principles DFT calculation, the
experimental realization is far below from the expected zT
value due to low carrier concentration which hints about the
enormous research opportunities to further improve the
thermoelectric performance of GeSe.

Besides the above-mentioned physical phenomena, new
concepts or ideas to enhance the performance are always
required to understand the transport properties via chemical
intuition, where a material chemist can play a major role to
fulfill the above-mentioned demands. Exploiting new materials
with unique structural attributes is a reliable approach for
achieving high thermoelectric performance. Fundamental
properties of a material such as band gap, band degeneracy,
effective mass, bond strength, bonding nature, and electro-
negativity should also be used to understand the thermo-
electric transport properties. Recent advancement in high-
throughput calculations can help to identify new and efficient
materials for practical applications.

In summary, germanium chalcogenide based materials
exhibit significant thermoelectric performance and can be an
alternative solution for lead chalcogenides for mid-temperature
power generation. Here, we have discussed the progress and
future challenges to improve the thermoelectric performance of
germanium chalcogenides by focusing on their crystal and
electronic structure and lattice dynamics. Although state-of-
the-art strategies have improved the thermoelectric perform-
ance of germanium chalcogenide-based material, still much
work has to be done to enhance the performance of both
materials and devices. Thus, we believe that this perspective
will enhance the communication between chemists, physicists,
and material and device engineers to make rapid progress in
the field of thermoelectric research and provide a promising
future for mass-market applications.
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