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Thermoelectric technology plays an important role in developing sustainable clean energy and reducing
carbon emissions, offering new opportunities to alleviate current energy and environmental crises.
Nowadays, GeTe has emerged as a highly promising thermoelectric candidate for mid-temperature
applications, due to its remarkable thermoelectric figure of merit (ZT) of 2.7. This review presents
a thorough overview of the advancements in GeTe thermoelectric materials, meticulously detailing the
crystal structure, chemical bonding characteristics, band structure, and phonon dynamics to elucidate
the underlying mechanisms that contribute to their exceptional performance. Moreover, the phase
transition in GeTe introduces unique degrees of freedom that enable multiple pathways for property
optimization. In terms of electrical properties, noticeable enhancement can be realized through
strategies such as band structure modulation, carrier concentration engineering, and vacancy

engineering. For phonon transport properties, by incorporating defect structures with varying dimensions
Received 30th September 2024 d tructi lti-scale hi hical hitect h b fractivel ttered
Accepted 20th December 2024 and constructing multi-scale hierarchical architectures, phonons can be effectively scattered across
different wavelengths. Additionally, we provide a summary of current research on devices and modules
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will facilitate the practical application of GeTe in alignment with environmentally sustainable objectives.

1. Introduction

Thermoelectric materials span a vast range of compounds that
facilitate the direct conversion of heat to electricity and vice
versa.* Based on the Seebeck effect (Fig. 1a), the temperature
gradient created throughout the whole thermoelectric material
enables power generation in a simple and eco-friendly route
without moving parts, combustion, or emissions.*>** Thermo-
electric devices are applicable in various fields, such as
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industrial waste heat recovery and aerospace technology.®** In
addition, by exploiting the Peltier effect (Fig. 1b), thermoelectric
materials can provide an efficient solution for solid-state
refrigeration, giving rise to anticipated future applications
such as temperature control for 5G optical communication
devices, laser refrigeration technologies, etc.®**® Currently,
research on thermoelectric materials is positioned to revolu-
tionize current energy paradigms and environmental frame-
works while promoting carbon neutrality and achieving zero
emissions.”

The thermoelectric performance of candidate materials is
characterized by the dimensionless figure of merit Z7,
defined as

ZT = S’ Tlk (1)
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where ¢, S, T, and « are the electrical conductivity, Seebeck
coefficient, absolute temperature, and total thermal conduc-
tivity, respectively. It is clear that this value has several
components, with the Seebeck coefficient representing the
voltage reduced by the temperature gradient, the electrical
conductivity quantifying the Joule heating, and the thermal
conductivity assessing the establishment of a stable tempera-
ture difference.®®*® Notably, the thermal conductivity is usually
contributed by three distinct parts: electronic thermal conduc-
tivity, lattice thermal conductivity, and bipolar diffusion
thermal conductivity.” The conversion efficiency of thermo-
electric devices is closely linked to the average ZT value as
shown in this formula:

_ TH—TC \/1+ZTavg_] )
n= T (2)

T ~/lJrZTavgjLT—
H

where Ty and T are the hot-side and cold-side temperatures in
the Kelvin scale, respectively, and ZT,y, is the average ZT value
over a temperature range from Ty to Tc.”* The first part of the
right side in eqn (2) represents the Carnot efficiency and the
second part is related to average ZT values. Therefore, the
enhancement in ZT values is crucial for advancing both ther-
moelectric performance and conversion efficiency.”

In order to optimize the ZT value, improvements in the
Seebeck coefficient and electrical conductivity, while reducing
thermal conductivity of solid compounds, are expected.’
Importantly, these thermoelectric parameters are profoundly
influenced by the structural and chemical characteristics of
thermoelectric materials. A critical factor is the presence of
defects, which are controlled by the formation energy and help
modulate the carrier concentration.” By selecting appropriate
doping elements, the carrier concentration can be optimized,
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Fig.1 Schematic images of a thermoelectric module for (a) power generation (Seebeck effect) and (b) active refrigeration (Peltier effect). (c) The
relationship between the ZT value and carrier concentration.> Summary of thermoelectric performance achieved in GeTe-based materials.
Thermoelectric development history of (d) ZT values and (e) average ZT values.*~>* (f) ZT,,4 of high-performance GeTe-alloys compared to that of

other thermoelectric materials.>4->°

which can alter the interplay among electrical conductivity,
Seebeck coefficient, and total thermal conductivity, resulting in
enhanced ZT values (Fig. 1c). Moreover, a comprehensive
understanding of molecular orbitals offers valuable insights
into manipulating band structures, which gives opportunities
to modify the Seebeck coefficient; for instance, band conver-
gence,”* resonant level”” and band flattening’ can lead to an
increase in the Seebeck coefficient along with an increase in the
power factor. The phonon transport behavior of the crystal can
be analyzed using the first-principles calculations on phonon
density of states and the phonon spectrum to identify suitable
defects.”” By implementing multi-scale phonon scattering
centers, the lattice thermal conductivity can be substantially
reduced, thereby boosting the ZT values.””®

IV-VI semiconductor compounds such as GeTe, SnTe,***
PbTe,” GeSe,* SnSe,*® PbSe,** skutterudites®*** and Heusler®**®
materials are considered promising mid-temperature thermo-
electric candidates. Notably, GeTe has exhibited superior
performance compared to PbTe and SnTe for mid-temperature
range applications. Research on GeTe can be traced back to the
1960s, with initial investigations focusing on TAGS
((GeTe)100_x(AgSbTe),), which demonstrated a ZT value
exceeding 1.0.* Since 2010, developments in physical theories
and advances in technology have led to a growing number of
GeTe derivatives with exceptional performance® (Fig. 1d-e).
Recently, the ZT value of GeTe thermoelectric materials has
exceeded 2.7, with an average ZT value approaching 1.7

© 2025 The Author(s). Published by the Royal Society of Chemistry

surpassing most of the thermoelectric materials working in the
mid-temperature range (Fig. 1f). This highlights the significant
application potential of GeTe materials in waste heat recovery
and power generation.

In this review, we will provide a deeper understanding of the
structural characteristics of GeTe materials and systematically
categorize methodologies for optimizing electrical and phonon
transport. Furthermore, we summarize the current state of work
on GeTe-based thermoelectric devices and modules. Finally, we
point out existing challenges and propose viable solutions.

2. Characteristics of GeTe
2.1 Chemical characteristics of GeTe

Fig. 2a shows the Ge-Te binary phase diagram.®® It can be seen
that the melting point of pristine GeTe is 720 °C, when
a congruent melting reaction from liquid GeTe to

B-GeTe (GeTe(l) — B-GeTe(s)) (3)
occurs. B-GeTe exhibits a rock-salt structure with a space group
of cubic Fm3m and a lattice constant of 6.01 A. Upon further
cooling, B-GeTe transforms into a-GeTe at 430 °C, in a peritectic
reaction:

B-GeTe(s) + Ge(s) — a-GeTe(s) (4)

Chem. Sci., 2025, 16, 1617-1651 | 1619
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Fig. 2 (a) Binary phase diagram of Ge and Te.®® Crystal structures of (b) rhombohedral GeTe and (c) cubic GeTe. Primitive cells of (d) rhom-

bohedral GeTe and (e) cubic GeTe.®® (f) Temperature dependence of diffraction diagrams for GeTe measured in the d range. (g) Temperature
dependence of diffraction diagrams for GeTe measured in the d range corresponding to (220). reflection. (h) Temperature dependence of
diffraction diagrams showing the intensity as a function of d corresponding to (g).°° (i) Energy level diagram of a heteropolar compound XY. (j)

Orbital-resolved energy level diagram of cubic GeTe.®”

a-GeTe is in a space group of rhombohedral R3m (lattice
constants: a = b = 4.156 A and ¢ = 10.663 A).”* Rhombohedral
and cubic GeTe can be easily distinguished from Fig. 2b-e.
Cubic GeTe is similar to a NaCl-type crystal structure, with one
Ge atom at the center of the octahedron (0.5, 0.5, 0.5) sur-
rounded by six Te atoms equidistant from each other. After the
phase transition, there are three longer (3.15 A) and three
shorter (2.83 A) bonds among the six Ge-Te bonds in thombo-
hedral GeTe. This is due to the decoupling of p orbitals in Ge-Te
bonds in rhombohedral GeTe, leading to the displacement of
the Ge atom to the off-center position in the octahedron (0.5 —
x, 0.5 — x, 0.5 — x).°>** This phenomenon significantly reduces
the symmetry of the structure, which is manifested by the
distortion of the Ge/Te sublattice along the [111] direction,
when the rhombohedral angle reduces from 60° to about 58°.
This anomaly is attributed to the presence of a 4s> lone pair on
the Ge atom, leading to a strong structural distortion near the
Ge atom.” The phase transition of GeTe can be characterized by
in situ neutron diffraction. Fig. 2f shows the variations of the
lattice constant d at different temperatures.”® As the tempera-
ture increases, the two sets of typical double peaks of (006) and
(113), as well as (110) and (104) in the rhombohedral phase,

1620 | Chem. Sci., 2025, 16, 1617-1651

gradually merge into the single peaks of the cubic phases (222)
and (220), respectively. Fig. 2g and h illustrate the detailed
phase transition process; the merging of two peaks is an
important index of the phase transition.

Fig. 2i shows the molecular orbitals of a binary polar-
covalent semiconductor (composition: XY), which are formed
by the interaction of the atomic orbitals of the cation X and the
anion Y, resulting in the bonding XY and the antibonding
XY*.2%% In solids, these molecular orbitals contribute to the
formation of bands, and the broadening of the bands is related
to the degree of orbital overlap of adjacent molecular orbitals
with the same energy.”® In Fig. 2i, 2A is the energy difference
between the atomic orbitals, while B is the strength of the
bonding interaction (i.e., bond energy), and Wy and Wcp are
the widths of the valence and conduction bands, respectively.
2A + 2B is the energy difference between the bonding and
antibonding molecular orbitals, directly related to the band gap
(E¢) between the valence and conduction bands.””**

Fig. 2j shows the orbital-resolved energy level diagram of GeTe.
It can be seen that the carrier transport in GeTe is mainly
contributed by the bonding orbitals o, and 7, which are the
highest occupied molecular orbitals (HOMOs). The upper anti-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bonding energy level is not occupied by electrons and belongs to
the lowest unoccupied molecular orbital (LUMO). As mentioned
above, there is an additional Ge 4s> state in the molecular orbital
of GeTe. This type of lone pair is commonly found in the main
group elements of groups 13, 14 and 15 and behaves differently
depending on the local coordination environment. In light-weight
elements, the lone pair tends to be expressed stereochemically.
With increasing atomic weight of the same main group elements,
the attraction to the lone pair becomes stronger, making the ns>
lone pair electrons more prone to being “quenched”, and thus the
tellurides PbTe and SnTe show a high symmetry structure of the
cubic phase.” ' For elements in group 14, 2s> lone pairs of C
atoms and 3s” lone pairs of Si atoms tend to be stereochemically
expressed, while 5s> lone pairs of Sn atoms and 6s> lone pairs of
Pb atoms tend to be quenched to make the structure more
symmetrical.'? 4s> lone pairs of Ge atoms are in the middle
position, contributing to a rhombohedral phase and a cubic

View Article Online

Chemical Science

phase transition. Various hypothetical bonding mechanisms have
been proposed to explain the Ge-Te bond and the existence of the
lone pair. M. Wuttig et al.'® redefined the resonate bond mech-
anism as a metavalent bond mechanism, so as to distinguish
cubic GeTe with traditional ionic and covalent compounds;
several properties are distinct from the mixture of ionic and
covalent limits, such as optical absorption, dielectric constant,
Born effective charge, etc. T. H. Lee and S. R. Elliott proposed
a quantum mechanical hyperbonding mechanism.'** The Ge_4s>
lone pair and two pairs of Ge_4p and Te_5p orbitals are hybrid-
ized into six hyperbonds. It is acknowledged that the Ge-Te bond
is based on the long-range polarizing force and can enhance the
long-range polarizing force in turn. Such long-range chemical
bonds are responsible for anisotropic carrier transport by dis-
torting the ellipses of Fermi pockets along different principal axes,
which induces a higher ratio of the density-of-states mass to
inertial effective mass. This case is prone to decoupling the trade-
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Fig. 3

(a) Calculated Fermi surface of rnombohedral and cubic GeTe with spin—orbital coupling (SOC).*** Calculated band structures for (b)

rhombohedral GeTe and (c) cubic GeTe *°¢ Calculated band structures in orbital details for (c) rhombohedral GeTe and (g) cubic GeTe. Density of
states and partial density of states of (d) rhombohedral GeTe and (h) cubic GeTe. Orbital weights for the highest occupied molecular orbital
(HOMO) projected along the high symmetric points for (f) rhnombohedral GeTe and (i) cubic GeTe.®
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off between the Seebeck coefficient and electrical conductivity in
cubic GeTe.

2.2 Molecular orbitals and band structures

The band structure is also an important factor affecting the
thermoelectric properties of GeTe materials. Fig. 3a-c show the
calculated Fermi surface and the band structure of GeTe
materials in the rhombohedral and cubic phases, respec-
tively.'*>*°® The band gap of rhombohedral GeTe is indirect,
with a value of about 0.47 eV. Because the major carriers of GeTe
are holes, the valence band structure deserves more attention.
As shown in Fig. 3b, there are four points (L, Z, =, and n) close to
the Fermi level. The valence band maximum is located at the =
point. In contrast, the Fermi energy at the L band, Z point and n
point differs from the valence band maximum (2 point) by
0.15 eV, 0.2 eV and 0.4 eV respectively.*® As the temperature
increases, the phase transition from the rhombohedral phase to
the cubic phase leads to an elevated energy of the L band. The L
band gradually replaces the ¥ band as the valence band
maximum. Meanwhile, 3 L and 1 Z gradually merge into a 4 L
(Ny = 4) and 6 = and 6 1 gradually merge into 12 = (N, = 12).*®
For the cubic phase GeTe, both the valence band maximum and
the conduction band minimum are located at the L point, and
this direct band gap is 0.37 eV. The secondary valence band
maximum is located at the X point. After the phase transition,
the energy difference between the L band and the = band is ~64
meV. Cubic GeTe, PbTe and SnTe have the same rock salt
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structure, and their band structures are similar. It is well-known
that high ZT values have been achieved in PbTe (band energy
difference between L and X is ~100 meV) due to the conver-
gence of the L and = bands at high temperatures.'®**” Therefore,
by inducing convergence between the L and X valence bands, it
is expected that the electronic properties of GeTe can also be
manipulated as well.

In order to further study the band characteristics of GeTe,
Fig. 3d-i show the influence of molecular orbitals (Ge_4s?
Ge_4p®, Te_5s%, and Te_5p") with different orbital masses on
the band structure.®” Similar to the case of GeTe molecular
orbitals, Ge_4p® and Te_5p* occupy the lowest unoccupied
molecular orbitals and the highest occupied molecular orbitals,
while the Te_5s” orbital mainly contributes to the subvalence
band energy level. The Ge_4s” orbital exists at L and = points
and contributes to more orbital characters at the L point than at
the 2 point as shown in Fig. 3f and i. This accounts for the
higher energy in the L valence band. The stereochemically
“expressed” Ge_4s> lone-pair electrons in rhombohedral phase
GeTe are related to the strong s-p orbital hybridization,
inducing a significant distortion in the electron distribution.
With increasing temperature, the lone electron pair of Ge_4s” is
quenched, reducing the effect on electron structural distortion
and leading to a high symmetry structure.’>'*® At the same time,
the L band becomes the valence band maximum, which is
consistent with the findings for the cubic PbTe and SnTe.
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Fig. 4 Phonon-dispersion relations for (a) rhombohedral GeTe and (b) cubic GeTe at 300 K.**® (c) Anharmonic scattering rates (SRs) for
rhombohedral and cubic GeTe at 300 K. (d) Group velocity (v) for rnombohedral and cubic GeTe at 300 K.# (e) Normalized cumulative lattice

thermal conductivity as a function of phonon MFP.3°

1622 | Chem. Sci, 2025, 16, 1617-1651

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc06615d

Open Access Article. Published on 06 Phesekgong 2025. Downloaded on 2026-02-14 14:36:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

2.3 Phonon transport and lattice thermal conductivity

Lattice thermal conductivity, as a part of thermal conductivity,
is an important and interdependent factor in evaluating the
figure of merit ZT value, which is dominated by the phonon
transport behaviors. In order to understand the thermal trans-
port properties of rhombohedral and cubic GeTe, the phonon
dispersion of these two phases is carefully studied. Wdowik
et al.'” investigated the lattice dynamics and phonon transport
of GeTe through density functional theory calculations as
shown in Fig. 4a and b. Rhombohedral GeTe exhibits 6 phonon
modes at I'. The three lowest dispersions are acoustic modes,
indexed as in-plane transverse acoustic mode (TA), in-plane
longitudinal acoustic mode (LA) and out-of-plane flexural
acoustic mode (ZA). The phonons belonging to the other three
optical modes (two types of transverse optical modes (TO) and
one longitudinal optical mode (LO)) show higher eigenvalues,
leading to the separation of the acoustic and optical branches.
Several imaginary modes are shown in the phonon dispersion
of cubic GeTe, indicating its thermodynamic instability and
absence at room temperature. Cubic GeTe shows the primary
soft mode at the I point. Rhombohedral GeTe instead repre-
sents real frequencies across the Brillouin zone instead.
According to the calculated phonon density of states and the
results of the '°Te nuclear inelastic scattering experiment
performed on GeTe, the vibration of the Ge sublattice domi-
nates the highest frequency region composed of the LO-phonon
band, while both the acoustic mode and the TO mode are
related to the mixed vibration of the Ge and Te sublattice.'*

Fig. 4c shows the anharmonic scattering rates of rhombohedral
and cubic GeTe.” It can be seen that the anharmonic scattering
rates are stronger in cubic GeTe, indicating the strengthened
anharmonic phonon-phonon interaction. The group velocity of
phonons is another key factor that determines the lattice thermal
conductivity."® Overall, the phonon group velocity in cubic GeTe is
lower than that in rhombohedral GeTe (Fig. 4d), which is attrib-
uted to the higher coordination number and longer Ge-Te bonds
in cubic GeTe than in rhombohedral GeTe. As a result, cubic GeTe
has higher anharmonic scattering rates and a lower lattice thermal
conductivity. The lattice thermal conductivity value is reduced
from 2.6 Wm ™" K" for rhombohedral GeTe at 300 Kto 0.8 Wm ™"
K" for cubic GeTe at 700 K."** According to the research by Chen
et al., compared to the tellurides of the same main group (PbTe
and SnTe), GeTe has a similar sound velocity but a lower average
atomic mass; however, they still exhibit similar lattice thermal
conductivity values.”” This phenomenon can be ascribed to the
fluctuation in bond length caused by the symmetry breaking
(cubic to rhombohedral GeTe), leading to fluctuations in the inter-
atom force constant. Due to the relationship between the sound
velocity and the force constant

(vs & (FIM)'™) (5)

where vy is the sound velocity, F is the force constant, and M is
the atomic mass, the sound velocity of rhombohedral GeTe
(~2100 m s™")"** is comparable to that of cubic SnTe (~2070 m
s~ 1).1* The existence of the soft mode in the phonon density of
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states in GeTe results in the low mean free path of phonons. It is
also noted that the mean free path of phonons is calculated to
be 1-100 nm (Fig. 4e),*® which provides useful insights for
further reduction in the lattice thermal conductivity of GeTe.

3. Tuning the electrical transport
properties

Due to the large number of Ge vacancies, the pure GeTe sample
has a high carrier concentration (~10>" em ), a low Seebeck
coefficient (~30 pv K') and a moderate carrier mobility (~50
em® V' s7').1® Therefore, it is critical to optimize these
parameters appropriately, which is crucial to improve the
thermoelectric performance of the GeTe system. The Seebeck
coefficient can be described by the Bethe-Summerfield

expansion:'*®

o th kB 1

dn(E) 1
§= 55 ©T g

dE  u(E)

where kg is the Boltzmann constant and q is the carrier charge.
The Seebeck coefficient can be improved by lowering the carrier
concentration due to the inverse relationship between the See-
beck coefficient and the carrier concentration, by inducing
band convergence or the resonant level due to the dependence
of the Seebeck coefficient on the symmetry breaking of density
of states at the Fermi level and by introducing energy filtering
since the second term (du(E)/dE) of the equation is associated
with the scattering exponent (7). In addition, the phonon-drag
effect is also reported to play an important role in improving
the Seebeck coefficient at low temperatures. However, because
GeTe is a mid-temperature thermoelectric material, it is usually
assumed that the phonon-drag effect provides limited
contributions.

du(E)
a5 (6)

3.1 Modulation of the band structure

3.1.1 Band convergence. Band convergence, a type of
strategy that reduces energy differences (AE) between multiple
band edges, as shown in Fig. 5a, has been adopted to improve
the electrical transport properties in multiple thermoelectric
systems. According to the equations,*®*”

82k’ . /723
= a2 de(%) )
my = Nv*7my (8)

where kg is the Boltzmann constant, e is the electron charge, n is
the charge carrier concentration, mj is the density-of-states
effective mass, N, is the valence band degeneracy, and m; is the
band effective mass. Basically, eqn (7) is the Pisarenko equation
based on the Boltzmann's transport theory. The band degen-
eracy can be increased via the band convergence strategy by
decreasing AE. As mentioned above, there is an energy gap
between the L band and = band in rhombohedral GeTe. By
introducing appropriate doping or alloying elements, AE can be
reduced, leading to improved band degeneracy and hence the
Seebeck coefficient (eqn (7) and (8)). Table 1 shows the band
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(a) Schematic view of the band degeneracy for better properties.”” (b) Calculated band structure of pristine GeTe, Geg 9,BigogTe, and

GegoBip.osZNo.osTe. (c) Carrier concentration-dependent Seebeck coefficient for Ge;_,Bi,Te and Geg 94-,Big 06ZNn, Te samples at 300 K.*¢ (d)
Schematic of symmetry reduction for better band degeneracy. (e) Density-of-states effective mass (m}) versus the rhombohedral angle («) for
GeTe-alloys at 300 K.”2 (f) Power factor versus the rnombohedral angle («) for GeTe-alloys at 300 K.>*

Table 1 Electrical properties of GeTe samples with different dopants

Dopants Compositions AE; s (eV) Smax (LV K1) PFrax (W ecm ™' K2) ZTmax
Bi?’ Gey.04Big.0sTe 0.074 226.5 40 ~1.7
Bi''® Geg o,Big osTe 0.13 238 27 ~1.5
Bi-Zn''® Gey oBig 06ZNg 04 TE 0.03 240 33 ~2.0
Bi-Mg*? Gep.0sMg0 04Big 06T 0.06 254 54 2.5
Bi-Sb'® Geg.g5Big.05Sbo.1Te 0.151 208 ~37 1.8
Pb'*® Geg g16Pbo.144Bio 05Te 0.077 238 32.7 ~2.0
Bi-Pb*® Gey g7Pbg 13Te-3% Bi,Te, 0.08 275 35.2 ~1.9
vt GegogVo.0oTe 0 178 44 1.26
cdar?° Geg.o,Cdg.03Te 0.08 170 45 1.4
Ti'?! Geg o7 Tip.03Te 0.11 203 27 ~1.2
Sb-zn”" Gey.g6Sbo.1ZNg o TE 0.01 247 39 2.3
Mn-Sb*?2 Geg gsMnyg o5Sbo.osTe 0.09 205 33.61 1.67
Mn'?? Geg.0sMng osTe 0.01 110 28 0.55

characteristics and electronic transport properties induced by
different doping/alloying elements. It is evident that the
majority of these dopants are transitional metals, while others
belong to the group 15 metals and lanthanide elements. These
elements have outer s-orbitals, which help to bond with elec-
trons as they enter the GeTe crystal lattice. Zn-doped GeTe
samples can be taken as an example. Upon the incorporation of
the Zn atom into the crystal lattice, the outer s-orbital of the Zn
atom forms covalent bonds with the anion elements. However,
due to the lower energy level of the s orbitals of the Zn atom
compared to that of the valence band edge, doping with Zn
atoms leads to a reduction in energy of the valence band edge of

1624 | Chem. Sci, 2025, 16, 1617-1651

GeTe, resulting in a decrease in AE. The band structure of (Bi
and Zn) co-doped GeTe samples is shown in Fig. 5b, indicating
that Zn doping induces valence band convergence by tuning s-
orbital energy.''® Fig. 5c¢ shows the increased mj after Zn
doping.

3.1.2 Symmetry modulation. As discussed above, there is
symmetry evolution when the temperature is elevated, accom-
panied by the change in the energy difference of bands, espe-
cially for L and = bands. This phenomenon offers a new insight
to increase the N,. Li et al. successfully fabricated a series of
GeTe-based thermoelectric materials by regulating the contents
of Pb and Bi (Ge;_,_,Pb,Bi,Te). Gey g6Pby.1Bigo4Te reached an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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intermediate rhombohedral state before transferring to a cubic
phase. This intermediate state showed an exceptionally high ZT
value of ~2.4 at 600 K; this value was the highest ZT value in
2018. Such a material also exhibited a very high average ZT of 1.3
in the range of 300-600 K. This phenomenon can be ascribed to
the fact that by yielding an N, close to 16 in the intermediate
state, the density of states effective mass can be conspicuously
increased when the multiple valence band edges are well aligned.
The degree of structure symmetry can be evaluated using the
rhombohedral angle (Fig. 5d). Fig. 5e shows the relationship
between the density of states effective mass and the rhombohe-
dral angle.” It can be seen that there is almost a linear rela-
tionship between these two parameters. The density of states
effective mass increases with an increasing rhombohedral angle.
As shown in Fig. 5f, the power factor shows an upward trend
followed by a decrease as a function of the rhombohedral angle.**
The optimal rhombohedral angle ranges from 88.5° to 89.0°,
with a corresponding m} of 1.2-1.9m,. It is reasonable to select
promising GeTe-based thermoelectric materials within an
appropriate rhombohedral phase angle. Such materials are
foreseen to exhibit exceptional electrical performance.

3.1.3 Introduction of the resonant level. Introducing reso-
nant energy states was first proposed in PbTe by Heremans
et al.” By doping TI, they reported a significantly improved
Seebeck coefficient through the distortion of the electronic
density of states near the Fermi level, namely resonant levels
(Fig. 6a). The core concept of this strategy is to increase the
energy-dependence of n(E) near the Fermi level, so as to increase
the density-of-states effective mass. The distortion of the band

View Article Online
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structure greatly increases the Seebeck coefficient without
sacrificing the electrical conductivity, and thus the PF can be
improved. Such a strategy is also applicable to GeTe systems.
Through DFT calculations, it is found that the resonant level
can be introduced into the valence band in both rhombohedral
and cubic GeTe by In or Ga doping, as shown in Fig. 6b and c¢.***
It is clear that there is an abrupt increase near the Fermi level in
the DOS of In-doped and Ga-doped GeTe, induced by orbital
hybridization between In/Ga and the host atom. The Seebeck
coefficient shows an increase after In doping, especially near
room temperature (Fig. 6d). As shown in Fig. 6e, the data points
of the In-doped GeTe samples deviate largely from the Pisarenco
curve, indicating improved density-of-states effective mass; the
In doped GeTe samples show a high ZT as a result
(Fig. 6f).>**712412% For Ga doping, Zhang et al. found that the
grain boundary complexions were formed by Ga segregation or
Ga,Tes.* The role of Ga doping in inducing the resonant level
may not be expressed in GeTe samples.

3.1.4 Rashba effect. The Rashba spin-splitting effect
generates a distinct constant density of states (DOS) near the
Fermi level. This effect can enhance band degeneracy, reinforce
anharmonicity and introduce soft bond simultaneously,
leading to a high Seebeck coefficient and low lattice thermal
conductivity."* In non-centrosymmetric materials, strong spin—
orbit coupling (SOC) can induce the Rashba effect, resulting in
the splitting of a single energy band edge into two band extrema
with energy shift and momentum offset (Fig. 7a). GeTe,
undergoing a phase transition near 700 K that breaks the
inversion symmetry, also exhibits the Rashba effect. In

(a) (b) so 4 () 80 3
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(a) Schematic views of the spin-degenerated and spin-dependent shift of the energy dispersion caused by the Rashba effect. (b)

Calculated curves of the Seebeck coefficient as a function of the Hall carrier concentration for Ge;_._,Sn,Sb,Te at 300 K. Calculated band

structures of rhombohedral (c) GegsTegs and (d) GegSnsTegs.3°

rhombohedral GeTe, the displacement of Te atoms from their
central positions enhances Rashba energy Er and momentum
offset k. The energy dispersion relation near the extrema point
of spin-degenerate parabolic band can be described by the band
effective mass (mj,) approximation:

E* (E> - 2my ©
while the two spin-polarized bands are described by
N2
(k) = hzzgi? + an ] (10)

where E is the energy dispersion with the superscript + repre-
senting the spin polarizations, k is the momentum, and oy is
the Rashba parameter:*’

2FER
AR = kio

(11)

Notably, Hong et al. found that m} increased at both 300 K
and 780 K, indicating an improved Seebeck coefficient (Fig. 7b).
According to the DFT calculations, the Rashba spin-splitting
effect could be enhanced in the band structure of GeTe
through Sn doping, thereby elevating the energy level of valence
band edges near point Z (Fig. 7c and d).*

1626 | Chem. Sci., 2025, 16, 1617-1651

3.2 Defect engineering in carrier concentration

The role of the carrier concentration is critical, affecting the
Seebeck coefficient, electrical conductivity and electronic
thermal conductivity. In semiconductors, the number of defects
can directly affect the carrier concentration. Therefore, under-
standing the characteristics of defects and origins of the high
carrier concentration in GeTe will benefit the performance
modulation.

The formation energies of potential defects in GeTe,
including the antisite defect of Ge at the Te site (Ger.), the
antisite defect of Te at the Ge site (Teg.), the Te vacancy (Vre),
and the Ge vacancy (Vg.), can be calculated using DFT. As
shown in Fig. 8a-d, Vg, has the lowest defect formation energy
in both rhombohedral and cubic GeTe, indicating that the Ge
vacancy is the dominant defect in GeTe."***° According to the
defect reaction equation

OV, +Ge(s) +2h, (12)

it can be seen that the formation of one Ge vacancy is accom-
panied by the presence of two holes. In pure GeTe, the fraction
of Ge vacancies is about 2.5 at%, corresponding to a carrier
concentration of about 10** ecm™>. It is also worth noting that
the Ge vacancy in rhombohedral GeTe has a lower formation
energy than in cubic GeTe, indicating a much higher carrier
concentration in the cubic phase. According to the calculated
DOS for Geg; ,Tegs (x = 0, 1, 2 and 3), the Fermi level shifts

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic view of Ge vacancies in the GeTe matrix. (b) DOS for rnombohedral Gegs_,T€64 With different amounts of Ge deficiencies.?®

The formation energy of atomic defects in (c) cubic and (d) rhombohedral GeTe as a function of the relative Fermi-energy under Ge-rich

conditions.*?®

towards the valence band with increasing x, supporting the
increased carrier concentration as well (Fig. 7b)."*®

The optimal carrier concentration for GeTe is determined to
be 1 — 2 x 10*° em ™ by theoretical calculation and analysis.
Based on the previous studies, the methods for optimizing the
carrier concentration can be roughly classified into three cate-
gories. Donor doping turns out to be an effective strategy to
reduce the carrier concentration (Fig. 9a). The dopants at cation
sites, such as Bi,***” Sb,"*** Sc,* Y,"* etc., proved to be effective
donors (Fig. 9b), contributing to the improvement of the See-
beck coefficient and PF. For example, compared to the Ge**
ions, Bi, Sb, Sc, and Y have a valence of +3. When these elements
enter the GeTe lattice, they can provide electrons to decrease the
hole concentration. Considering Bi and Sb doping as an
example, following the defect reaction:

Bi L Biy,, + Ter. + ¢ (13)
GeTe . ’
Sb — SbGe + TeTe +e ) (14]

the hole concentration decreased from ~8.72 x 10*° cm ™ for
pristine GeTe to ~1 x 10?° em ™ for the Gey 9,Big 05Te sample
and ~2.38 x 10%° cm ™3 for the GeyoSby Te sample at 300 K
(Fig. 9b). The Seebeck coefficient increases from ~30 uvV K~ for
the un-doped GeTe sample to ~160 pV K~ for the Geg ,Big osTe
sample at 300 K."*°* As for Sc doping, the hole concentration
decreased from ~8.6 x 10*° cm ™ for pristine GeTe to ~3.2 x
10*® em™® and ~2.1 x 10%° em ™ for the Gey 0S¢ 02Te sample
and the Gej94Scq osTe sample, respectively. The Seebeck coef-
ficient increases from 36.6 to 86.1 pV K *. It can be seen that

© 2025 The Author(s). Published by the Royal Society of Chemistry

there are differences in carrier mobility for samples with
different dopants.” By Sc and Y doping, negligible variations in
my are observed, but the carrier mobility shows an upward
trend; for Bi and Sb doping, mj is improved, whilst the carrier
mobility suffers from degradation as shown in Fig. 9b and c.
The underlying mechanism will be discussed later.

Secondly, the carrier concentration can be optimized by
elevating the defect formation energy of Ge vacancies. For the
GeTe-PbSe alloys,'** namely (GeTe), _,(PbSe),, it was found that
the formation energy of Ge vacancies increased gradually with
increasing PbSe content through DFT calculations (Fig. 9d). The
formation energies of Ge vacancies in (GeTe), _,(PbSe), samples
gradually increased from 0.5 €V to 0.79 eV. The concentration of
Ge vacancies decreased and the solubility of Ge precipitates
increased. As a result, the carrier concentration of the
(GeTe);_,(PbSe), samples was reduced from 7.8 x 10> cm™> (x
=0) t0 0.8 x 10*° cm? (x = 0.4) as shown in Fig. 9e. Basically,
compared to Ge*" (0.76 nm) and Te*~ (2.21 nm), the ionic radius
of Pb** is larger (1.13 nm), while the anion radius of Se*~ is
smaller (1.96 nm). Therefore, alloying with PbSe increases the
size of the cation and decreases the size of the anion, favorable
for reducing the concentration of cation vacancies. The alloying
of Sb,Te; is similar to that of PbSe. Considering the valence
state and substitution of additive Sb®**, the reduced carrier
concentration cannot be attributed to the donor effect. The
defect reaction equation is shown as follows:

3GeTe

Sb,Te; —— 2Sb,, + Vg, + 3Tere (15)

Chem. Sci., 2025, 16, 1617-1651 | 1627
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(a) Schematic view of the donor doping method for reducing the carrier concentration. Hall carrier concentration-dependent (b) Seebeck

coefficient and (c) carrier mobility at 300 K for Bi-doped,*®*#” Sb-doped,***** Sc-doped?® and Y-doped**? GeTe samples. (d) The defect formation
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carrier mobility at 300 K for (GeTe);_,(PbSe),,** Ge;_,Sby,3,Te®* samples. (g) Schematic view of the lattice plainification method for reducing
carrier concentration. Hall carrier concentration-dependent (h) Seebeck coefficient and (i) carrier mobility at 300 K for Cu-doped®* and Ge self-

doped GeTe samples.?®

DFT calculation results provide evidence for increased
formation energy of Ge vacancies, accounting for the reduced
carrier concentration.* Fig. 9f indicates the deteriorated carrier
mobility with an increasing doping level due to the introduction
of a number of extrinsic atoms.

Thirdly, lattice plainification is also effective in optimizing the
carrier concentration and improving carrier mobility (Fig. 9g). In
GeTe, Cu doping or Cu,Te alloying is considered popular. By
alloying only 1.5% Cu,Te, the carrier concentration in GeTe is
reduced from ~8 x 10*° cm 2 to ~2 x 10*° cm ™ and the carrier
mobility is increased to over 130 cm® V™' s~ as shown in Fig. 9h
and i. To unveil the mechanism, Bu et al carried out DFT
calculations,® which suggested that the GeTe-Cu,Te alloys

1628 | Chem. Sci., 2025, 16, 1617-1651

involve both substitutions and interstitials, leading to a charge
compensation. The reduction in the carrier concentration can be
attributed to the re-dissolution of Ge precipitates, suggesting
that the Ge atoms enter the GeTe lattice and refill the vacancy. To
suppress the Ge deficiency, Dong et al.*® optimized the amount of
excessive Ge (Ge;.,Te) by mechanical alloying combined with
spark plasma sintering, and a reduction in the carrier concen-
tration from 8 x 10>° em™> to ~3 x 10> em™> was achieved. A
high Seebeck coefficient value of more than 60 pV K ' was
realized in pristine GeTe at room temperature. Due to the sup-
pressed carriers interaction and lack of Ge vacancies, the carrier
mobility was elevated to ~90 cm® V' s, Therefore, a high PF
close to ~24 uW cm ' K 2 was obtained at room temperature.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Lyu et al.** reported that through AgCuTe alloying, excessive Ge
participated in the defect reaction and re-dissolved into the
lattice, thereby decreasing the enrichment of Ge and diminish-
ing the carrier concentration. The defect reaction equation is
shown as follows:

2AgCuTe + 2Geg. + Ge—2Agg, + GeTe + Cu,Te + 2¢ (16)

The carrier concentration decreased from ~2.8 x 10%° cm ™3

to ~1.0 x 10*° cm ™ at 300 K. The Seebeck coefficient increased
from 86.29 uV K~ ' t0 167.68 uV K~ " at 300 K. A high power factor
of 18.58 uW cm ™" K~ was achieved. Yin et al.*** recently re-
ported that interstitial Cu plays an important role in improving
thermoelectric performance. Interstitial Cu can also reduce the
carrier concentration in GeTe. Cu doping also improves the
carrier mobility to around 100 cm® V™' s, compared to the
value of about 40 cm® V' s~ in pristine GeTe.

3.3 Other strategies

3.3.1 Energy filtering effect. The energy filtering effect can
effectively improve the electrical transport properties of ther-
moelectric materials.”® Generally, by introducing various
inclusions or nanostructures, such as nanoparticles, nano-
pores, heterostructures and superlattices, interfacial potential
barriers will contribute differently to scattering high-energy and
low-energy charge carriers. Charge carrier energy band bending
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at metal-semiconductor or semiconductor-semiconductor
interfaces can be constructed. This band bending acts as
a slowly varying potential, which strongly scatters low-energy
charge carriers (Fig. 10a). Composite design can strengthen
carrier scattering due to the formation of heterogeneous inter-
faces. To optimize the electrical transport properties, the
composites should match the following physical properties:***
(i) the size of impurities comparable to the mean free path of
carriers, (ii) the close band gap and/or work function between
the matrix materials and the impurities, and (iii) the impurities
located along the grain boundaries. When these conditions are
well satisfied, the correct barrier height can be ensured, which
can effectively scatter low-energy charge carriers. Jiang et al.*’
optimized carrier scattering in GeTe samples by introducing
boron inclusions (Fig. 10b). The S ~ ny relationship of the
boron-added samples exhibited deviations from the Pisarenco
curves, which was attributed to the enhanced scattering factors
after adding boron, indicating that boron/GeTe heterogeneous
interfaces proved to be effective in carrier scattering as shown in
Fig. 10c. This phenomenon significantly improved both the
Seebeck coefficient and the power factor (PF). The Seebeck
coefficient was improved from ~83.14 pv K * for the pristine
sample to ~97.3 uvV K~ * for samples incorporated with 0.4 wt%
boron at room temperature. The power factor was improved to
25.4 uyW cm ' K 2 at room temperature and reached 47.7
uW em ™' K2 at 573 K (Fig. 10d). This effect helps prevent
a significant decrease in electrical conductivity while promoting
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Fig. 10 (a) Schematic view of blocking parts of carriers by introducing inclusions. (b) Schematic view of potential barriers at the interfaces

between boron and GeTe. (c) Hall carrier concentration-dependent Seebeck coefficient at 300 K for boron-added samples. (d) Temperature-
dependent power factor for boron-added samples. Temperature-dependent (e) Seebeck coefficient and (f) power factor of Aggs,Sbeso-

Gezgo6l€50 (TAGS-85) with and without Dy doplng
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an increase in the Seebeck coefficient, ultimately aiming to
enhance the power factor. Levin et al.* found that the increased
Seebeck coefficient in Dy-doped Ags 5,Sbe.5.Ge€36.06T€50
(acronym TAGS-85), one of the GeTe derivatives alloyed with
AgSbTe, ((GeTe),(AgSbTe,)100—x), could also be ascribed to the
energy filtering effect. The results of X-ray diffraction and '**Te
nuclear magnetic resonance spectroscopy showed that Dy
atoms were incorporated into the GeTe lattice. Due to the large
atomic size and high magnetic moment, the Dy atom impeded
the transport of low-energy charge carriers, thereby improving
the Seebeck coefficient and power factor. The Seebeck coeffi-
cient was improved from ~77 pV K™ * for the TAGS-85 sample to
~96 pV K for TAGS-85 doped with a 1% Dy sample at room
temperature (Fig. 10e). The power factor was improved to 16
uW cm ' K2 at room temperature and reached 35 yW cm !
K2 at 540 K (Fig. 10f).

3.3.2 Directional defect evolution. Due to the significant
amount of Ge vacancies present in GeTe, the scattering of holes
caused by Ge vacancies is inevitable, leading to a reduction in
carrier mobility. As mentioned above, some strategies can
reduce the defect formation energy or act as interstitial atoms to
improve the carrier mobility. Is it possible to develop a rational
fabrication route to weaken the scattering effect of Ge
vacancies?

Owing to structural considerations, the number of Ge
vacancies in the cubic phase is larger than that in the rhombo-
hedral phase. Zhang et al.**® annealed SPSed GeTe samples at 623
K and 773 K with different time durations, respectively. The
morphology is shown in Fig. 11a-d. They found that the samples
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annealed at 623 K showed much lower Ge vacancies and carrier
concentration, resulting in an enhanced Seebeck coefficient and
PF. Fig. 11e shows that the carrier concentration was reduced
from ~10.5 x 10*° to ~3 x 10*° cm™? after annealing for 2 days
at 623 K, and this value was maintained after 7-day annealing.
The Seebeck coefficient increased from 30 pV K * to 70 uV K™ * at
300 K, while PF values increased from ~7 pW cm ' K2 to
~27.5 pW em~ ' K> at 300 K (Fig. 11f). Surprisingly, the
carrier mobility was elevated to an extremely high value of
150 cm® V! s~ %, The cubic phase shows much lower formation
energy, leading to higher Ge vacancies. GeTe samples undergo
a transformation from cubic into a rhombohedral phase during
the cooling-down process after sintering, and vacancies are
maintained. By appropriately annealing, excess supersaturated
vacancies can be eliminated, contributing to a low carrier
concentration and high carrier mobility. Furthermore, Jiang
et al.*® proposed a novel strategy to drive the defect evolution in
GeTe (Fig. 11g). With the assistance of the high-temperature
heat-treatment, supersaturated vacancies can be transformed
into dense dislocations and hierarchical nano-domain structures
with planar vacancies. This defect evolution can weaken the
carrier scattering of Ge vacancies without affecting the carrier
concentration. Tational heat treatment is effective in improving
the carrier mobility, which breaks the conventional relationship
of the Seebeck coefficient and electrical conductivity, resulting in
a higher power factor. The Hall mobility for Bi, ,GegooTe€-873
reached 55.4 cm? V! s, while a lower result of 41.1 cm? V™ *

s~ ' was obtained for Big 4,GegooTe-723 as shown in Fig. 11h.
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Fig. 11

(@ and b) SEM and (c and d) BSE images for GeTe ingots annealed at different temperatures, respectively. (e) The evolution of carrier

concentration and carrier mobility for GeTe samples annealed at 773 and 623 K, respectively. (f) Temperature-dependent power factor for
pristine and annealed GeTe samples.!®® (g) The schematic diagram presenting the behaviors of carriers and phonons in the GeTe-based
compounds with the presence of hierarchical structures. (h) Hall carrier concentration and carrier mobility for the Bi,Geg 97_xTe-723 and Bi,-
Geg.o7_xTe-873 samples at room temperature. (i) Temperature-dependent power factor for Bi,Geg g7_xT€-723 and Bi,Geg 97_xTe-873 samples.*®
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Table 2 Effect of different dopants on GeTe (units of PF at 300 K: uW cm™ K2
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Dopants Band Rhombohedral angle Carrier concentration Carrier mobility PF

Bi Band convergence Increased Decreased Decreased ~10-16 (ref. 18)
Sb Band convergence Increased Decreased Decreased ~10-17 (ref. 19)
Zn Band convergence Increased Slightly decreased Decreased —

Pb Band convergence Increased Decreased Decreased ~10 (ref. 12)

\ Band convergence — Decreased — ~12-15 (ref. 119)
Cd Band convergence Increased Slightly decreased Decreased ~9 (ref. 22)

Ti Band convergence Increased Slightly decreased Decreased ~11 (ref. 121)
Mn Band convergence Increased Increased Decreased <10 (ref. 123)
In Resonant level Increased Decreased Decreased ~14 (ref. 125)
Cu — Slightly increased Decreased Increased =20 (ref. 52)

Sc = Slightly increased Decreased Increased 23.3 (ref. 29)

Y — Slightly increased Decreased Increased 19.1 (ref. 132)
Ge — — Decreased Increased ~24 (ref. 28)

Cr Improved my Slightly increased Decreased — ~15 (ref. 136)
Ag Improved mg Decreased Increased Decreased <5 (ref. 137)

Fig. 11e shows that a high PF of 45 uW cm ™' K> was obtained at
648 K for the Biy ¢,Geg.90Te-873 sample.

3.4 Insights from the weighted mobility

In the preceding three sections, we have enumerated numerous
methods for optimizing the electrical transport properties of p-
type GeTe materials. As depicted in Table 2, one dopant usually
has multiple effects on the transport properties of GeTe. For
instance, Bi doping can simultaneously reduce the carrier
concentration and induce band convergence, but hinder carrier

transport, thereby decreasing the carrier mobility. Cu doping
can realize a reduction in the carrier concentration and
improvement in carrier mobility. For In doping, distortion of
density-of-states in the GeTe band structure and the reduced
carrier concentration improve the Seebeck coefficient effec-
tively. However, according to the equation:®

(17)

w is proportional to the carrier relaxation time (z.) and inversely
proportional to carrier effective mass (m. ), which is related to

.
0 = nep = ne’t. /m;

(a) (b) s00
300 o @ 300 K o 300 K
4 ) A 650 K <4 650 K o
o o o
250 9 400}
) o o °
200} e o o
* ] *
3 o F300L g °©
150f &4 &
A A ]
A a g - A o
100 2 4 SN . 200 <
é ) d
50 v 9 4 q 9
L L L L L L L 100 L L L L
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.02 0.04 0.06
(c) x Bi (d) x Cu
89.6 — v v v y r T
E 89.4
> 0 15
T 89.2f é@,’ R P
: 89.0 &'\bold & ; J E PF (uW em™ K*) @ 300 K
= ! “x \OQ\‘\ 8 10 1018
: - 0 \(. ° "nn
S 88.8} S ad. {2 o
® 4 _ < sc doping, this work -~ B
% 8861 2 ey — 1 103
E D’ —2‘18‘—6 -0 Cr doping v 5 n:n
2 T % S8 --R-g==0""2Q ) 19.49
E 884 «:’O'*ro L-8 O’v]) C
88.2| Cu ('iopmg Cd alloying J

0.00 0.02 0.04 0.06 0.08 0.10 0.12
Alloying/doping concentration

884 88.6 88.8 89.0 89.2
Interaxial angle & (°)
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the density-of-states effective mass. The introduced resonant
level does harm to carrier mobility due to both the increased
density-of-states effective mass and reduced carrier relaxation
time. To facilitate comparison of performance differences and
further exploration of their potential applications, weighted
mobility was utilized to classify and compare the electrical
properties and performance of these elements. Weighted
mobility is a descriptor that directly evaluates electronic quali-
ties.’*® Furthermore, weighted mobility is a parameter as the
electrical part in the equation describing the quality factor B,
which is proportional to the ZT value.™'* An intriguing
observation emerged: some elements, such as Bi (shown in
Fig. 12a), exhibited nearly constant or even decreased weighted
mobility, while some others, such as Cu (shown in Fig. 12b)
demonstrated a gradual increase in weighted mobility with
increasing doping content at 300 K.
According to the equation:***

*\ 3/2
~ ("
My = Mo (me)

where pu, is the draft mobility, m* is the density-of-states effec-
tive mass and m, is the electron mass. It is apparent that
weighted mobility comprises two components: carrier mobility
and density-of-states effective mass. Samples with improved
weighted mobility usually show a marked increase in carrier
mobility. These dopants hardly change the rhombohedral
angle, but decrease the concentration of Ge vacancies. A high

(18)

power factor was achieved in these samples as shown in Table 2
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(such as Cu, Sc, Y and Ge). Conversely, those with unchanged or
reduced weighted mobility display decreased carrier mobility
but an increased density-of-states effective mass—a phenom-
enon indicating contributions from the band convergence. The
offsetting effect between the reduced carrier mobility and
increased density-of-states effective mass results in only
marginal improvements in the weighted mobility and power
factor for these samples.

Subsequently, it is important to establish a relationship
between the structure and electrical properties. As mentioned
previously, band convergence inevitably brings structural
changes—particularly alterations in rhombohedral angles.
Upon comparing data on the rhombohedral angle with the
power factor for these samples, it can be observed that within an
optimal range of rhombohedral angle values, the power factor
reached higher values (Fig. 12c and d).*® This is attributed to the
fact that the rhombohedral angle reflects the symmetry of the
pseudo-cubic structure. On one hand, as this angle approaches
90° (indicating a tendency toward a cubic structure), there is an
increase in Ge vacancies due to lower formation energy in cubic
GeTe. The carrier scattering is strengthened by Ge vacancies
with a higher concentration and the alloying atoms. On the
other hand, there is an optimal rhombohedral angle value
suggested by Zhang et al.,”> corresponding to the variation of
temperature-dependent AE between L and = bands. Therefore,
it is imperative to consider the rhombohedral angle while
selecting suitable dopants and their content; this helps
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Seebeck coefficient with the AgBiSe, concentration in (GeTe);00_x(AgBiSe,), (x = 0-50) at room temperature. () Comparison of S2g of some
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maintain high levels of weighted mobility, thereby enabling
a higher power factor, especially near room temperature.

3.5 Insights into n-type GeTe

To realize the transition from p-type to n-type GeTe, the defect
chemistry should be focused on—the high intrinsic Ge vacan-
cies contribute to a high hole concentration, making it difficult
to realize n-type GeTe'**'** (Fig. 13a). Samanta et al.'*’ reported
a high ZT value of ~0.6 at 500 K in n-type GeTe by alloying
AgBiSe, ((GeTe)100_(AgBiSe,),). It shows two distinct regions in
the compositional variation dependent band gap, electrical
conductivity and Seebeck coefficient. By increasing the AgBiSe,
concentration up to ~20%, the band gap decreases from
~0.18 eV to near 0 eV. Then the band gap starts to increase to
0.25 eV at x = 50 (Fig. 13b). The electrical conductivity decreases
at first due to the reduced hole concentration and starts to
increase slightly with the increasing AgBiSe, concentration
(Fig. 13c). The Seebeck coefficient starts to increase from ~34
wv K ' to ~392 uv K ' up to x = 25, followed by a sudden
change to —278 uV K " at x = 30 (Fig. 13d). From the view of the
band structure, the conduction band edge is dominated by Ge p
orbitals in pristine GeTe. By alloying AgBiSe,, the Bi** substi-
tution for Ge®" strongly contributes to the conduction band
edge states. Wang et al'® reported that by reducing the
formation energy of Te vacancies via AgBiTe, alloying, the
electron concentration was optimized, boosting the power
factor to 6.2 uW cm ™' K2, Fig. 13e shows the power factor of n-
type GeTe-based thermoelectric materials, compared to the
high power factor in p-type GeTe; this indicates that there is still
plenty of scope for further optimization.

0D defect: point defect
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4. Lowering lattice thermal
conductivity

In addition to optimization of electrical transport performance,
regulating thermal conductivity is also important for enhancing
ZT values.™® In GeTe, the total thermal conductivity can be
described as:

K =KLt Ke (19)

The electronic thermal conductivity was calculated using the

Wiedemann-Franz law:"*'%°

ke =0LT (20)
where the Lorenz factor (L) was estimated using the single
parabolic band (SPB) model. It is easily understood that the
electronic thermal conductivity can be reduced as a natural
consequence of reduced carrier concentration especially in
GeTe. However, the lattice thermal conductivity is a relatively
independent factor; inhibiting phonon transport is beneficial
for optimizing the thermoelectric performance of GeTe mate-
rials. The mechanisms of phonon scattering mainly involve
phonon-phonon scattering (umklapp processes'), point
defect scattering (zero-dimension (0D) defects**>***), dislocation
scattering (one-dimension (1D) defects***), interface scattering
(two-dimension (2D) defects'*®), and precipitate scattering
(three-dimension (3D) defects'***”) (Fig. 14). The lattice
thermal conductivity can be described in the form of relaxation
time:158,159

1D defect: dislocation

/! y“ \*/—\h—\ ;é‘«‘ (\.
. a 4 A .
- - - 'S WPy
5 % - 2D defects: grain boundary
v " planar vacancy, domain boundary
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0 Ge Te --- Planarvacancy pe -~
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Fig. 14 Microstructure engineering for reducing lattice thermal conductivity. Schematic view for different types of phonon scattering sources in

GeTe.
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V21101 (2) C(2)dz

KL = =

3o

_ ks (kT TD (-2 4
= 2y, 7 . Tiot(Z (e:—l)z z

where v, is the average sound speed, 7 is the reduced Planck
constant, 0, is the Debye temperature, z = fiw/kgT, representing
the reduced phonon frequency (w denotes the phonon
frequency), and 1, is the total relaxation time that is further
described as:

1 “BD/T

(21)

“1 ~1 ~1 -1 -1
Tt =7Tu T T *t TpD

+py 't T A L (22)

The total relaxation time is contributed from various mech-
anisms such as the umklapp (U) processes, grain boundary
(GB), domain boundary (DB), point defects (PDs), planar
vacancy (PV), stacking fault (SF), dislocation (D), and nano-
precipitate (NP) according to Matthiessen's equation (eqn (22)).
Different scattering sources aim at phonons with different
wavelengths or frequencies. Therefore, the establishment of all-
scale hierarchical structures often requires the participation of
various defects (Fig. 14). Many efforts have been devoted to
lowering the lattice thermal conductivity in recent years as
shown in Fig. 15. This section will classify the defects in GeTe-
based thermoelectric materials into different dimensions.

4.1. 0D defects

Point defects usually originate from missing atoms or irregular
atomic replacement, such as vacancies, antisite defects, inter-
stitials, and substitutional atoms (Fig. 16a). Besides intrinsic
defects, dopants can also serve as point defects to scatter high-
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frequency phonons, which are commonly adopted to lower
lattice thermal conductivity in GeTe-based thermoelectric
materials. The scattering effect on high-frequency phonons can
be observed through the relationship between relaxation time
and phonon frequency:*'¢®

xS (1-x) {(M"A;M)z +e("’;“)z] (23)

where v is the Poisson ratio, V is the average atomic volume, M
is the average atomic mass, and ¢ is the phenomenological
parameter. The intensity of point defect scattering can be esti-
mated using the mass scattering parameter (I'y;) and strain
scattering parameter (I's). The scattering parameters can be
described as

4 Vot
47033

TpD

(24)

)

and®®

(25)

o S0 (Y

It can be found that the scattering parameters are primarily
determined by the differences in the mass and atomic radius
between impurity atoms and the matrix atoms. We have
summarized the relationship between the radius and mass
differences of popular dopants used in GeTe, as shown in
Fig. 16b and c. In addition, the lattice thermal conductivity for
different samples is also summarized in Fig. 16d. It is evident
that dopants bringing larger differences in the radius and mass
lead to a greater reduction in lattice thermal conductivity, like
Bi and Pb, while the effects of dopants such as Cu, Sc, and Mn
are less pronounced, which provides guidance for a rational
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(a) The schematic view for point defects. The mass fluctuation and strain field fluctuation of dopants in GeTe: (b) dopants at the cation
lattice thermal conductivity of GeTe-based compounds doped with typical

elements 18:19:22.29.30121.1231251281352157 (a1) Calculated composition-dependent I'y and I's of Geg g5Big o5 Te1_xS€ex as a function of Se content. (e2)
Predicted composition-dependent lattice thermal conductivity of Geg osBig.osTe1_xSex at 723 K.2¢¢ (f) Phonon dispersion spectra of pristine GeTe

(blue lines) and GeTe co-doped with Pb and Bi (red lines). The insets

show a zoom-in of avoided crossing behavior and nesting.!** (g) Lattice

thermal conductivity as a function of AS for GeTe-based alloys at room temperature.®® (h) Temperature-dependent lattice thermal conductivity
for medium-entropy alloyed GeTe samples. (i) Temperature-dependent lattice thermal conductivity for high-entropy GeTe samples (S1: GeTe,
S2: GeO 88 Pbo oTe, S3: GeO 89A90 e, S4: Geo 87Sb0 13Te, S5: GeO 77A90 11Pb0 nle, S6: Geo 75Sb0713pb0 nle, S7: Ge0774Ago 1lsb0 13Te, S8:
Geo0.62A90.11500.13Pbo 12Te, S9: Geo.61Ad0.115P0.13PP0 12Bi0 01 Te, S10: Geg 61Ad0.11500.13PD0 12Bi0.01CU0.003TE, S11: Gep 56Ad0.115P0.13P00.12Cdo 05+
Bip.o1Te, S12: Geo 56A00.115D0.13PP0.12MNo.05Bio.oaTe, and S13: Geg s6Ag0.115P0.13Pb0.125N0.05Bio.01T€).*®

selection of dopants. Additionally, GeTe contains a certain
number of Ge vacancies serving as defects, which participate in
the phonon scattering process; this can be used to explain some
abnormal phenomena. For instance, Cr doped GeTe shows
a much lower lattice thermal conductivity at room temperature.
Shuai et al*® demonstrated that Cr doping decreased the
formation energy of Ge vacancies, generating larger numbers of
homogeneous Ge precipitates and Ge vacancies in the matrix,
which effectively reduced the lattice thermal conductivity. This
phenomenon was also observed in Zr-doped GeTe samples.
Srinivasan et al.'® synthesized a Ge-deficient Zr, ¢o5Geg osTe

© 2025 The Author(s). Published by the Royal Society of Chemistry

sample and stoichiometric Zr, ¢,GegogTe sample and found
that lower lattice thermal conductivity was achieved in the Ge-
deficient sample rather than in its stoichiometric counterpart
over the whole measured temperature range. They believed that
Ge deficiency-induced vacancy domains could create a barrier to
hinder the flow of heat-carrying phonons. In converse, Dong
et al.®® used excess Ge (Gey.,Te) to suppress Ge vacancies,
resulting in a recovery of lattice thermal conductivity. Thus, the
phonon scattering was reported weakened due to the lack of Ge
vacancies. The presence of additional Ge precipitates might also
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affect thermal conductivity owing to their good thermally
conductive nature.

In order to scatter phonons more effectively, multiple
dopants have been introduced into the GeTe lattice. The mass
and strain scattering parameters in the co-doped samples were
calculated. Apart from the Bi dopant, Wang et al.**® further
introduced Se into the GeTe lattice (Geg.o5Big.05Te1_xSey)-
Fig. 16e shows that the values of both the mass and strain
scattering parameters increase as the Se content increases.
Based on the Debye-Callaway model, the lattice thermal
conductivity was determined as a function of Se content
(Fig. 16e); the lattice thermal conductivity is negatively corre-
lated with Se content at high temperature. The measured lattice
thermal conductivity showed a decrease from ~1.02Wm ™" K"
to ~0.65 W m ' K at 723 K. In addition, the lattice thermal
conductivity was reduced to 1.4 W m~" K by Sb doping in the
research by Li et al.*® Further Se doping reduced the lattice
thermal conductivity to 0.8 W m~" K~ '. Furthermore, by doping
various elements into the cationic sites, mass and strain fluc-
tuations can be enhanced, while solubility limitations of
different elements can be improved in the GeTe matrix. Fig. 15
summarizes the lattice thermal conductivity of doped samples
with multiple dopants, indicating that samples with multiple
element doping exhibited much lower lattice thermal conduc-
tivity. Besides enhancing the mass and strain fluctuations, there
are other mechanisms induced by point defects. The phonon
density of states of GeTe exhibits a gap between acoustic and
optical branches due to a significant atomic mass difference
between Ge and Te atoms as shown in Fig. 4a. Therefore, there
are few scattering channels between acoustic and optical
phonons, resulting in weak phonon-phonon interaction in
pristine GeTe. Introducing heavy elements can increase cation
atom mass which shifts optical branches into lower frequency
ranges. Also, dopants can flatten acoustic branches and intro-
duce more optical branches at lower frequencies. By doping Pb
and Bi in GeTe, the overlap between acoustic and optical
branches increased the phonon-phonon scattering, as shown
in the phonon dispersion spectra of pristine GeTe and (Pb,Bi)
co-doped GeTe (Fig. 16f)."** It is evident that sound velocity
decreases significantly after doping; such changes impede
phonon transport, ultimately leading to a great reduction in
lattice thermal conductivity. Moreover, Mn doping not only
introduces mass fluctuations but also generates a strain field
serving as a scattering center for phonons. Meanwhile, Mn
dopants can soften chemical bonds, reducing phonon group
velocity, further lowering lattice thermal conductivity.'*>***

The introduction of impurity dopants can reduce lattice
thermal conductivity while causing atom disorder, which is
related to the configurational entropy of the sample. The
configurational entropy is calculated using:

n
AS = —Naks Y _ xiln(x;) (26)
i=1
where N, is Avogadro's number and x; is the composition of
each element.”®
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As shown in Fig. 16g, the relationship between configura-
tional entropy and lattice thermal conductivity of samples was
summarized.*® It is observed that with the configurational
entropy of samples increasing, lattice thermal conductivity
shows a decreased tendency. Large AS leads to low lattice
thermal conductivity, attributed to the short-range disordered
microstructures in the matrix doped with multiple elements
(Fig. 16h). Therefore, based on this idea, researchers investi-
gated medium-entropy and high-entropy thermoelectric mate-
rials. Zhi et al.*® fabricated a series of (Mn, Pb, Sb, Cd) co-alloyed
samples. This medium-entropy alloying was implemented to
dampen the phonon propagation, leading to an ultralow lattice
thermal conductivity of 0.33 W m™' K ' approaching the
amorphous limit in GeTe. Jiang et al.*® reported a high-entropy
GeTe-based thermoelectric, alloyed with Ag, Sb, Pb, Sn, and Bi
(Fig. 16i). Due to the increased lattice strains and mass fluctu-
ations, the lattice thermal conductivity depressed to an ultralow
value of ~0.3 W m~' K" in the overall testing temperature
range. An extremely high ZT value of 2.7 is achieved in
a Geg 61A80.115b0.13Pbg 12Bio 01 Te sample.

4.2. 1D defects

Dislocations are important one-dimensional defects in mate-
rials. There are three types of dislocations in materials: edge
dislocation, screw dislocation and mixed dislocation. In GeTe,
the most common dislocation type is edge dislocation. Edge
dislocation, with an extra half-plane of atoms, can usually be
introduced by distorting nearby atom planes as shown in
Fig. 17a. In metals, large quantities of dislocations are often
introduced through plastic deformation. Semiconductors or
ceramics have almost no dislocations due to a lack of plastic
deformation mechanisms. However, ceramics contain
numerous point defects, such as Schottky defects and Frenkel
defects. Through high-temperature heat treatment, these point
defects may diffuse and migrate at high temperatures to enable
the formation of dislocations. The two primary point defects
that can induce dislocation nucleation and multiplication are
vacancies and interstitial atoms. In ionic crystals, vacancy
formation energy is generally lower than that of interstitial
atoms.7>'* At high temperatures, supersaturated vacancies
spontaneously form low-energy vacancy clusters as shown in
Fig. 17b; these vacancy clusters further collapse to form edge
dislocation loops. Additionally, at high temperatures these
vacancies can induce dislocation climb which further promotes
the multiplication of dislocations.*® At elevated temperatures, it
exhibits lower vacancy formation energy in GeTe, making it
easier to form a large number of Ge vacancies, thus inducing
formation of cation vacancy clusters. Therefore, by adjusting
the composition of GeTe-based materials (especially inducing
Ge vacancies) and fabrication methods, it is possible to regulate
the density of dislocations for desired property enhancement.
In thermoelectric materials, the strong scattering effect of
dislocations on mid-frequency phonons can be observed
through the relationship between relaxation time and phonon

frequency:'*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(@) The schematic view of an edge dislocation. (b) The formation of in-grain dislocations induced by vacancies and the climb of

dislocation inducing dislocation multiplication. (c) The classic model of phonon—dislocation interaction. (d) An electron along with a phonon
renormalized to a quasi-particle called a "polaron”. (e) The quantum model of phonon-—dislocation interaction left the quasi-phonon with a finite
lifetime. The calculated phonon spectra (f) with and (g) without a dislocation.*”* (h) The TEM image showing the dislocation in (Geg g4Sbo.o6-
Pbg 1T€e)o.99(AgCuTe)g 01.2° (i) Low-magnification TEM image of the dislocation network. (j) The selected area electron diffraction (SAED) of
d marked with a white dashed square. The enlarged images of the framed area in (i) with three different diffraction conditions.*®

a5 =1tpc '+ 1ps”! (27)
V. 4/3
TDC71 = ND :2 LL)3 (28)
a

‘L'13571 = 0.6BD2ND’YZ(,L)

1,1 (1-2 n\

§+ﬁ(ﬁ> <1+\/§<I/t) >:| (29)
where v is the Poisson ratio, By, is the Buckers vector, Ny, is the
density of dislocations, v; is the longitudinal sound velocity, v is
the transverse sound velocity, and v, is the average sound
velocity. In addition, as shown in Fig. 17c-e, Li et al'*
demonstrated that in the classic dynamic model of dislocation-
phonon scattering, the scattering process shows that disloca-
tion absorbs an incoming phonon wy and re-emits another
phonon ,; in phonon renormalization, due to the long-range
field of the dislocation, a phonon interacts with the disloca-
tion even far away from the core region. The weakly interacting
quasi-phonons are left with a renormalized energy E, and
a finite lifetime I'y. As shown in Fig. 17f and g, a 30 x 30
supercell was used to calculate the phonon spectra with and
without a dislocation. The phonon energies show an

© 2025 The Author(s). Published by the Royal Society of Chemistry

anisotropic shift, accompanied by a reduction in phonon group
velocity as shown in LA mode. This is in good agreement with
the effective quasi-phonon theory prediction (yellow dashed
lines) in Fig. 17g. The presence of dislocations has a significant
impact on phonon propagation, thereby reducing lattice
thermal conductivity. Wu et al'® reported that by alloying
AgCuTe, a number of dislocations were observed (Fig. 17h). The
appearance of dislocations, combined with the precipitates,
resulted in a reduced lattice thermal conductivity of 0.43 Wm ™"
K. Jiang et al.* realized the evolution from vacancies into
dislocations by controlling sintering temperature, resulting in
a high-density dislocation (Fig. 17i-m); the scattering of mid-
frequency phonons was enhanced, leading to reduced lattice
thermal conductivity down to 0.48 W m~ " K.

4.3. 2D defects

Two-dimensional defects primarily enhance the scattering of
low-frequency and mid-frequency phonons. The grain boundary
is a typical 2D lattice defect in crystal structures. A reduced grain
size, which also suggests the increased grain boundary density,
can improve the mechanical strength according to the Hall-
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Fig. 18 (a) Schematic image of the domain structure and planar vacancy. (b) The sample annealed at 300 °C for 2 hours and then cooled down to
room temperature. The inserted image shows the high-magnification image of the vdW gaps (planar vacancies). (c) A HRSTEM HAADF image
obtained along the [110]pc. (d) The strain field in the [—111] and [111] directions before or after annealing.*”® The temperature-dependent (e) lattice
thermal conductivity and (f) ZT values.®® (g) TEM image of GegSb,Tess o1 revealing the dense planar vacancies. (h) HRTEM image of one typical
planar vacancy with the inset showing the enlarged views of the framed areas and the inset image showing the strain map of a planar vacancy
measured by GPA. Reproduced with permission.*® (i) HAADF-STEM image showing the atomic configuration in Geg goCrg 03Sbg.0gTe. Repro-
duced with permission.*2®

Petch relationship and enhance the low-frequency phonon Domain walls in ferroelectric materials are considered
scattering. The relaxation time is shown as follows: a promising avenue for modulating electrical, optical,
A magnetic, optical and thermal properties."”**”” These domain

s = (30) walls are the interfaces among different polarization orienta-

tion regions for ferroelectric materials. The structural and
polarization discontinuity at domain walls lead to anomalous
behavior distinct from that observed in single-domain states.
Due to crystal lattice distortion present at these domain walls,
the phonons can be scattered and the thermal resistance is
generated. Inspired by this idea, a high thermal conductivity
switching ratio was obtained in PMN-xPT,"”® manifesting the

where G is the average grain size. The decreased grain size led to
the reduction of relaxation time. In GeTe, the reduction of grain
size usually relies on restricting grain boundary migration. For
example, Bai et al.** found that the addition of boron inhibited
the grain growth due to the Zener pinning effect. Besides the
grain boundary, there are a variety of 2D defects in GeTe,
playing an important role in scattering phonons.
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role of domain walls in scattering phonons. Given the charac-
teristics of GeTe as a ferroelectric phase at room temperature,
71° and 109° domain structures are most commonly observed
in this material (Fig. 18a). This arises from interactions between
strain and electrostatic field forces during the transition process
from the high-temperature cubic phase to the room-
temperature rhombohedral phase—specifically induced by
Peierls-distorted bonds. Wu et al.*® investigated the effects of
domain structures along with the van der Waals gap (planar
vacancy) on the sample performance by intentionally intro-
ducing abundant Ge vacancies into the GeTe lattice followed by
proper heat treatment. It was revealed that the lattice thermal
conductivity reduced from 1.05 Wm ' K ' t0 0.78 Wm ' K*
and the ZT value increased from 2.0 to 2.4 after heat treatment.

To uncover the underlying mechanism, they used in situ
transmission electron microscopy to examine the van der Waals
gap."”® Morphologically, a complex hierarchical microdomain-
nanodomain-gap structure was observed as shown in Fig. 18b.
These negatively charged nanoscale domain walls balance the
electric field with the positively charged Ge van der Waals gap
within this complex hierarchical structure, resulting in strong
scattering effects on mid- and low-frequency phonons. The
relaxation time is shown as follows:

Ayl 31
DB d; ( )
and
i 32
Tpv A (32)

where prefactors A and B are fitting parameters containing the
information of scattering efficacy of different planar bound-
aries and their surrounding strain cores and d; and d, are the
inter-distance between two neighboring domain boundaries
and van der Waals gaps, respectively. As shown in Fig. 18c, the
Te-Te distance of 0.278 nm is much shorter in the van der
Waals gap area, in contrast to the value of 0.367 nm in the
perfect crystal area. The van der Waals gaps in GeTe are an
ordering of Ge vacancies, terminated at two edge dislocations,
beyond which the GeTe lattice recovers into an intact state.
The authors predicted that the van der Waals gaps were
induced by a strain field perpendicular to them during the
martensitic phase transition in the cooling process according
to the in situ observation and strain analysis in domains
(Fig. 18d). They treated the van der Waals gap as a stacking
fault within an edge dislocation loop. The growth of the planar
vacancies is similar to the positive climbing of edge disloca-
tion. The climbing of the planar vacancies is driven by
mechanical force (strain field) and chemical force (vacancy
concentration), where the mechanical force turns out to be
dominant according to the theoretical calculation results. In
the nucleation of planar vacancies, enough mechanical force is
required to overcome the nucleation resistance. Usually, the
formation of high-concentration van der Waals gaps induces
the generation of hierarchical domain structures, suppressing
the lattice thermal conductivity together. However, the domain
structure disappeared after the phase transition at elevated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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temperatures. Therefore, the work focused on van der Waals
gaps (planar vacancies) was carried out.

In a recent study by Yu et al.,* they treated van der Waals
gaps as quantum gaps due to the small gap between Te atoms
and extensively investigated their impact on thermoelectric
performance. They compared two series of samples, with or
without quantum gaps. Samples with higher defect concentra-
tions exhibited higher phonon scattering rates, which increase
the Griineisen constant and lower the phonon average veloci-
ties, thereby decreasing the lattice thermal conductivity
(Fig. 18e). Due to the negligible effect on electrical properties,
the ZT value was boosted to 2.6 as shown in Fig. 18f. In addition,
in GeoSb,Teq;.91, high concentrations of planar vacancies
embedded in the matrix were discovered, which are parallel to
either (003) or (011) directions.® The HRTEM shows a missing
layer of Ge atoms between two adjacent Te atomic planes with
a lattice spacing, as shown in Fig. 18g. Ge planar vacancies
generate large strains in the lattice (Fig. 18h). The strategy to
introduce planar vacancies above is to alloy Bi,Te; or Sb,Te;
according to eqn (15). The formation of planar vacancies can
also be induced by doping elements. Cd/Bi co-doping also
favors the formation of planar vacancies, which is attributed to
the reduced formation energy of planar vacancies.* In addition,
observations from (Cr, Sb) doped GeTe samples revealed
a seven-atomic-layered lattice.””® The formation of this type of
structure can be ascribed to the layer-structured GeSb,Te,
(Fig. 18i). The authors suggested that Cr doping could lower the
formation energy of GeSb,Te,, which is the energetic reason for
the formation of a layered structure. In conclusion, the forma-
tion of the planar vacancies or van der Waals gaps is connected
to the strain field, the vacancy concentration and the dopants.

4.4. 3D defects

According to the calculation of the mean free path of phonons
for GeTe, the introduction of nanoinclusions with a size of
10-100 nm can enhance the phonon scattering (Fig. 19a). The
phonon scattering relaxation time for the nanoinclusions can
be expressed as follows:**

i ofemm s (=2 () | o

where R is the average radius for the precipitates, D is the matrix
density, AD is the density difference between the precipitate and
matrix, and N, is the number density of precipitates, respec-
tively. Si et al'®* successfully reduced the lattice thermal
conductivity by adding multi-walled carbon nanotubes
(MWCNTS). The TEM bright field image showed the structure of
the matrix and MWCNTSs as shown in Fig. 19b. The morphology
of the MWCNTs showed a diameter of ~30 nm and the length
ranges from hundreds of nanometers to microns in the
matrix (Fig. 19¢). The total thermal conductivity drops from
~2.3 W m™ K for GeyosBigosTe to ~1.8 W m~* K ' for
Geg.95Big 05Te — 2 mass% MWCNTs at 323 K. Due to the negli-
gible effect on carrier transport, the electronic thermal
conductivity was hardly changed after incorporating MWCNTs.
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Fig. 19 (a) Schematic view of precipitates in the matrix. (b) The TEM image of the GeTe matrix incorporating multi-walled carbon nanotubes. (c)
The HRTEM image showing the structure of GeTe and multi-walled carbon nanotubes. (d) The temperature-dependent lattice thermal
conductivity for Geg gsBig.gsTe — y mass%s MWCNTSs. (e) The STEM and corresponding EDS images. (f) The diffraction spots of the Cu,Te phase
along the [112] direction and the overlapped diffraction pattern of the GeTe phase along the [111] direction, marked in yellow. (g) HRTEM image of
an interface between PbTe and GeTe; the inset image shows diffraction spots of the GeTe phase and the PbTe phase both along the [100]
direction. (h) The calculated lattice thermal conductivity using the Debye—Callaway model at 303 K.

Table 3 The thermoelectric properties at room temperature by incorporating different nanoinclusions/inclusions (units: «, k.: W m~* K™, o:
10°Scm™ and S: pv K7

Samples K K1, 4 S ZTmax
MWCNTS/Ge, o5Big s Te*> 0.2 Wt% ~1.8 ~0.3 ~2.8 ~87 ~2.3
X ~2.3 ~0.7 ~2.8 ~87 ~2.0
Cu,Te/Geg g4Cdy 06Pbo.10Te*® 0.1 mol ~1.24 ~0.86 ~0.74 ~154 ~2.22
X ~2.37 ~0.9 ~2.36 ~73 ~1.9
Ga/Geg oSby Te*® 1 at% ~1.53 ~1.14 ~0.75 ~146 1.97
X ~1.60 ~1.21 ~0.70 ~130 ~1.74
FeGe,/Geg g75Sbg 0sTe 1.5% ~1.83 ~0.9 ~1.65 ~106 ~2.1
X ~2.42 ~1.42 ~1.71 ~92 ~1.8
Fe/Geg osBig osTe®* 2 mol% ~2.71 ~1.46 ~1.99 ~74 1.68
X 3.09 ~1.62 ~2.33 ~71 1.53
Geg.g4Pbo.1Sbo.0sTeBy o7 (ref. 33) 7 mol% — — — — 2.2
FeTe,/Geg oSy Te'® 1.0% ~1.45 ~1.04 ~0.83 ~143 2.1
B/Geg.94Big.o5Te*” 0.1 wt% 2.47 0.73 2.99 92.16 2.45
Gey 75Ga0.01Pbo 1Sbg 0, Te*® — ~1.3 0.8 ~1.15 ~120 2.1

As a result, the lattice thermal conductivity decreased from
~0.7 W m~ K for GegosBiposTe to ~0.3 W m™* K ! for
Geg.95BigosTe - 2 mass% MWCNTs at 323 K as shown in
Fig. 19d. Zhu et al.** discovered that by incorporating Cu,Te into
Geg g4Cdo.06Pbo.10Te, a coherent nano-network across multiple
phases was constructed as shown in Fig. 19e. There were PbTe
and Cu,Te nano-precipitates in the GeTe matrix, and the
interfaces among them were coherent, which were character-
ized by selected area electron diffraction and high-resolution
transmission microscopy (Fig. 19f and g). Fig. 19h shows the
reduced lattice thermal conductivity with the alloying of Cu,Te.

1640 | Chem. Sci, 2025, 16, 1617-1651

The Debye-Callaway model was also carried out to investigate
the effect of the scattering sources. The results suggested the
important role of nano-precipitates in scattering phonons. The
minimum lattice thermal conductivity was reduced to 0.33 W
m ™' K. Table 3 shows the effect of different nanoinclusions/
indicating that the
composite strategy is also a promising method for optimizing
thermoelectric performance of GeTe.

inclusions on transport properties,

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc06615d

Open Access Article. Published on 06 Phesekgong 2025. Downloaded on 2026-02-14 14:36:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Leg Geometry Approach

View Article Online

Chemical Science

Module Assembly Approach

Thermoelectric Materials:

pD), a(I), x(T)

Electrode/Interface/Filler:
p (D), p. (1), x (1), h (T)...

TwTo L, W, H l

Assembly: filling ratio,
electrode dimension

1

>| Thermoelectric Coupling: Conduction, Joule, Peltier, Thomson |<-:

ing

|

A

!

Parameterization:
(T-xyz, V-xyz, I-V, 7, P)

(Rloa & Dimension)

Energy Loss

(Electrode/In%erface/Filler
parameters)

&

v

Optimal Leg Geometry
for TTmax OF PmilX

Compatibility for multiple materials
with different TE properties

Mininum of energy loss us
adoptable fabrication technique

Optimal Module Assembly
for Minimized Energy Loss

v

v

| Full-parameter Computerization |

L 2

' Optimized Module Design Parameters 7 |

Fig. 20 Logical framework for the full-parameter optimization of a thermoelectric power generation module.*®¢

5. Progress in thermoelectric devices
and modules

Recently, a high ZT value of over 2.0 has been already achieved
in GeTe-based thermoelectric materials through the imple-
mentation of diverse strategies, showing great potential in
fabrication of thermoelectric devices. However, besides the
superior thermoelectric performance of p-type and n-type
materials, the high efficiency of thermoelectric devices relies
on the geometry optimization and the module assembly as
shown in Fig. 20."* While integrating p-type legs with n-type
legs, the cross-sectional area ratio and width are also key
geometric parameters. Furthermore, the design of diffusion
barrier layers should be carefully considered; ideal barrier layers
are expected to be chemically inert but mechanically adhesive,
and their work function and thermal expansion coefficient
should match with those of the TE legs, so as to achieve low
thermal and electrical resistivities at the interface. High
mechanical and thermal stabilities at high temperatures are
also required for diffusion barrier layers. In essence, critical
factors also encompassing mechanical strength and thermal
strain induced by the phase transition need to be taken into
account.”'"*

5.1 Simulation and measurement

To achieve maximum efficiency, geometry optimization is
essential. The Seebeck coefficient, electrical conductivity and
thermal conductivity are all temperature-dependent; the
geometry of devices and modules affect the temperature
distribution, heat flow, etc. In segmented single-leg devices,
maximizing the single-leg device efficiency necessitates geom-
etry optimization to determine the optimal proportions of
working materials and establish their ideal height ratio. Thus,

© 2025 The Author(s). Published by the Royal Society of Chemistry

each part of a thermoelectric material can work in an appro-
priate temperature range. Furthermore, as for modules with p-
and n-type thermoelectric legs, simulating cross-sectional areas
of p- and n-legs is crucial for maximizing output power density
and conversion efficiency. Fig. 21a and d show the schematic
view of one segmented single-leg device and module, respec-
tively.'”'%8 Fig. 21b and c illustrate the contour map of output
power density and conversion efficiency as a function of the
height ratio and current for the segmented single-leg device. At
x = 0.77 and I = 9.22 A, the maximum output power density is
16.4 mW mm 2 when T, = 723 K, while the simulated 7,ax
reaches 15.9% when x = 0.66 and I = 7.05 A. The conversion
efficiency reached 9.5% for the segmented GeTe/(Bi,Sb),Te;
thermoelectric leg.’® Fig. 21e and f show the simulated output
power density and conversion efficiency as a function of the
ratio of the cross-sectional areas of the p- to n-legs (A,/A,) and
the ratio of the height to the total cross-sectional area (H/Ayy).
The simulated conversion efficiency reached 13.7%.'* Here, the
n-type leg is skutterudite (SKD), which exhibits high thermo-
electric performance at high temperatures and a comparable
thermal expansion coefficient to p-type GeTe. As can be seen,
increasing H/A,, would benefit the conversion efficiency
because a large H ensures an increased AT over the thermo-
electric leg. By contrast, output power density decreases with
increasing H/Apy, attributed to the large H of thermoelectric
legs, leading to high internal resistance. The as-fabricated
modules exhibited a high conversion efficiency of 12% as
illustrated in Fig. 21h. Jiang et al.*® conducted preparation and
testing on modules with varying length ratios using p-type GeTe
and n-type PbTe with the low temperature part of Bi,Te;-based
thermoelectric materials. The module labeled as 11 consisted of
uniform legs of Geg1A80.115bo.13Pbo.12Big.01Te and Pbg gor-
Ing g03T€0.99610.004 thermoelectric materials. The ratios (7:3, 8:
3 and 9:3) in Fig. 21i are the length ratios of the segmented

Chem. Sci., 2025, 16, 1617-1651 | 1641
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(a) Schematic diagram of a segmented GeTe/(Bi,Sb),Tes thermoelectric leg. (b and c) Contour map of power density (Py) and efficiency

(n) when T, =723 K and T, = 303 K.*¥ (d) Schematic illustration of p-GeTe and n-SKD modules. Simulated (e) P4 and (f) nmax for the GeTe/SKD
module when T, = 873 K and T, = 293 K.*88 (g) n—/ relationship of GeTe/(Bi,Sb),Tes segmented one-leg TE modules. (h) n of the module as
a function of the current / at different operating temperatures. (i) Conversion efficiencies for the fabricated 11, 7: 3, 8: 3, and 9 : 3 modules.*®

legs, coupled with p-type Bi, 5Sby sTe; and n-type Bi,Te, 5Sey 3,
respectively. It shows the efficiencies of different modules at 500
K and 800 K, respectively, in which the highest efficiency is
13.3% for a length ratio of 8:3. These studies illustrate the
importance of geometry optimizations in the fabrication of
devices or modules. However, there are still differences between
the simulated and measured results. It is significant to select
proper diffusion layer materials for pursuing devices or
modules with high conversion efficiency.

5.2 Screening the diffusion barrier materials

Fig. 22 indicates some selected standards taking metals as
examples. Xing et al."® conducted a comprehensive study on the
interfaces between GeTe and 12 different metals (Cr, Hf, Nb, Ti,
Mo, Ni, Ta, Zr, Al, Co, V, and Fe), respectively, by mixing them
with GeTe powders followed by the SPS technique. Based on the
morphological analysis of various interfaces (Fig. 22a), these

1642 | Chem. Sci, 2025, 16, 1617-1651

materials can be categorized into three types. The first type of
interface includes Nb/GeTe and Ta/GeTe, which display large
gaps at the interfaces, indicating poor contact that may increase
the resistance and degrade the mechanical strength. The second
type comprises Fe/GeTe and Ni/GeTe interfaces, which form Fe-
Te and Ni-Te binary compounds, respectively, suggesting a too
rapid reaction rate with the GeTe matrix. The third category
consists of materials capable of establishing reaction layers at
the interfaces and good contact with the GeTe matrix. The
authors measured the thickness of these reaction layers as
illustrated in Fig. 22b, where the interfacial reaction between Mo
and the matrix gave rise to a thin reaction layer with a thickness
of less than 1 pum. Furthermore, it is crucial to consider the work
function difference as it can influence interface contact resis-
tance within devices. For n-type materials, the work function of
the diffusion barrier materials should be lower than that of
thermoelectric materials; conversely, for p-type materials, it
should be higher than that of thermoelectric materials. As

© 2025 The Author(s). Published by the Royal Society of Chemistry
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depicted in Fig. 22c, Pei et al.** reported data about work func-
tions for GeTe materials alongside various diffusion barrier
materials. Subsequent analysis using SEM and energy dispersive
spectroscopy (EDS) revealed that the thickness of the Ti diffusion
layer is 3 pm. Therefore, Ti was selected as an interconnection
layer between copper electrodes and GeTe.

Another critical factor is the thermal expansion coefficient.
The thermal expansion coefficients of rhombohedral GeTe
(11.2 x 107° K") and cubic GeTe (23.4 x 107° K ) differ
significantly.""* Consequently, under a temperature gradient, this
disparity in thermal expansion coefficients induces volume
change and substantial thermal stress within the GeTe device,
potentially leading to crack formation at the interface and
adversely affecting its mechanical properties and stability. To
mitigate this issue, two primary strategies can be employed. The
first is to lower the phase transition temperature to approxi-
mately room temperature through methods such as doping and
high-entropy alloying. The second strategy aims to increase the
thermal expansion coefficient of rhombohedral GeTe to match
that of cubic GeTe. Furthermore, it is essential to select a diffu-
sion barrier material with a thermal expansion coefficient
comparable to that of the GeTe material. Pei et al.'¥ summarized
data about linear thermal expansion for GeTe materials and
various metals, providing a screening for selection of proper
diffusion barrier materials (Fig. 22¢). Li et al.** found that there is
a good match between the thermal expansion coefficients of
Gep oSbo1TeBy o1 and AlgeSiz, alloys over a wide temperature
range. While Al possesses a high thermal expansion coefficient,
Si exhibits a lower one; thus, an AlgeSiz, alloy was chosen as the
diffusion barrier material whose thermal expansion coefficient
may be comparable to that of GeTe. A diffusion layer with 10 um

© 2025 The Author(s). Published by the Royal Society of Chemistry

thickness exists between AlgsSiz4 alloy and GeTe, accompanied
by a contact resistance of ~20.7 uQ cm?.

As shown in Fig. 23, some materials that can serve as excel-
lent diffusion barrier layers are summarized. Bu et al.** used
SnTe as the diffusion barrier material and Ag as the electrode,
achieving a remarkably low contact resistance of ~8 uQ cm? and
attaining an efficiency of 14% for single-leg devices. Fig. 23a
shows the single-leg device prepared from (GegosCUg o4-
Te)o.ss(PbSe)o.12. The interfaces between Ag-SnTe and SnTe-
GeTe were characterized by SEM (Fig. 23b), where no cracks
were observed. The total electrical contact resistance was 0.2 pQ
with a low interfacial contact resistivity of only ~8 nQ cm?. Xing
et al."® reported Mo as the diffusion barrier material generating
an impressively low contact resistance of less than 1 pQ cm?
(Fig. 23c). SEM and EDS analyses revealed excellent interfacial
integrity along with minimal diffusion layers present in these
configurations as shown in Fig. 23d. The contact resistance
measurement indicates an extremely low value of <1 pQ cm?
(Fig. 23e). Additionally, Xie et al's investigation'®® identified
NiGe from the calculated ternary phase diagrams at 0 K based
on thermodynamic conditions and the calculated interfacial
reaction energy capable of forming chemically inert interfaces
with GeTe; notably, the NiGe compound also exhibits enhanced
electrical conductivity and thermal conductivity. The solid
circles in Fig. 23f indicate the stable phases at 0 K, while the
empty circle represent the unstable phases. As shown in
Fig. 23f, the positive interfacial interaction energy for NiGe
indicates that it is chemically inert to GeTe, rendering it
a potential diffusion barrier material. HRTEM was used to
characterize the GeTe/NiGe interface. The EDS mapping shows
a good interface according to the element distributions as

Chem. Sci., 2025, 16, 1617-1651 | 1643
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(a) Experimental setup for the device efficiency measurement. (b) EDS mapping of the contacts. (c) Room-temperature contact

resistance using a line scanning technique.** (d) SEM image and EDS elemental mapping performed near the interfaces of the GeTe/Mo/GeTe
sandwich leg. (e) Resistance (R) line scanning across the interfaces for the electrical contact resistivity measurement.*® (f) Calculated phase
equilibria diagrams (PEDs) at O K for the Ni—-Ge-Te system. Solid and empty circles represent stable and unstable phases at 0 K. Calculated
interfacial reaction energy (EIR) between GeTe and the diffusion barrier material for the Ni-Ge—-Te system. (g) Energy-dispersive spectrometry
(EDS) mapping. (h) Atomic structure to show a sharp interface between GeTe and NiGe.** (i) The interfacial contact resistivity in GeTe devices.*°.
(j) Interfacial contact resistivity of NiGe, FeGe,, Mo, Ti, AlggSiz4, and SnTe barrier layers after aging. “Broken” in (j) means that the Fe layer peels off
the GeTe matrix and the GeTe/Fe interface is broken after the aging.*®®
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Fig. 24 (a) Compressive strength and (b) Vickers hardness of Geg oSbg 1TeB,. (c) Temperature dependence of relative length variation (dL/Lg).3®
(d) Comparison of room-temperature Vickers microhardness H,. () Comparison of compressive tests of GeTe and some other typical brittle
thermoelectric materials.*® (f) Comparison of the shear strength of the segmented legs and some joints.**°
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Table 4 Performance of single-leg GeTe-based devices
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Materials Barrier/electrode Prax (W) Nmax (%) AT (K)
Geg.93Big.06INg.01Te”’ Fe/Ag 0.55 12.3 445
(Pbg.15G€o.35T€)0.5(AgSbTe,)o 5 (ref. 42) SnTe/Fe 0.165 14.8 500
0.9GeTe-0.03CuBiSe,-0.07PbTe'** SnTe/InGa 0.08 13.4 500
Big.0,Geg.00Te> Mo/InGa 0.14 11.0 498
Biy.05G€o.09Te/(Bi,Sb),Te; (ref. 187) GeTe/Ti/Cu, (Bi,Sb),Tes/Ni/Cu — 9.5 423
Geo.57Y0.025D0.10Ag0.01Te* SnTe/Fe 0.2 13.4 463
B-Big.05G€0.94Te/Big 4Sby ¢Tes o1 (ref. 47) GeTe/Ti/Cu, (Bi,Sb),Tes/Ni/Cu 0.186 13.7 456
Geg.76Pbo.10Bio.065D0.04Te/(Bio 4Sby.6Te3)0.0,(MgB5)o 05 (ref. 190) — ~0.095 15.5 450
Gey.oSbg. 1 Te/Biy 5Sb; sTe; (ref. 193) Ag/GeTe/(Bi,Sb),Te,/Ni ~0.077 13.6 493
(Geg.08CUg.04Te)0.85(PbSe)0 12 (ref. 34) SnTe/Ag ~0.13 ~14 440
Gey.03Tig.01Big.0sTe-0.01Cu"** Mo/Ni ~0.04 10.5 423
Gey.04Big.06Te/Big 5Sby 5Te; — — 10.3 419
Table 5 Performance of GeTe-based modules

p-Type materials n-Type materials Pairs Prax (W) Nmax (%) AT (K)
Ge.925Db¢.04Big.04T€0.955€0.05 (ref. 189) Yb,.3C04Sby> 8 2 7.8 500
Gey.g4Pbg.1Sbg.06T€By o7 (ref. 33) Yb, 3C0,4Sb;, 4 1.3 5.64 425
Geg.g4Pby.1Sbg.06T€By o7 (ref. 33) Yb, 5C0,Sby, 9 9.2 7.4 477
Geg.92Big.0sT€0.9210.05 (ref. 194) YDy ¢75C0Sb, 8 1.2 12 500
(Gep.84Cdo.06Pbo.10T€)0.90(CUTE)g 01 (ref. 50) Yb, 3C0,Sby, 7 0.4 7 400
Ge.59CUy.06Sbo 05T YDy 3C04Sby, 8 4.0 12 545
Geg.75Ga.01Pby.1Sbg 0, Te*® Yby3C04Sby, 18 7.86 5.85 476
(Pby.15Geg g5Te)o s(AgSbTe,)o 5 (ref. 42) Mg3.15C00.055b1 24Bio.755€0.01 — 0.78 14.5 480
Geg g3Mng oTig 02Big ogTe "> Multi-segmented Mgs(Sb, Bi), 1 0.38 12.8 480
(Geo.84Sbo.06Pbo.1T€)0.00(AgCUTeE)( o1 (ref. 160) PbTe-based material 17 1.93 7.9 500
Geo.elAgo.nSbOJ3Pb0.12Bio.01Te38 Pbyg.997IN¢.003T€0.99610.004 - 3.5 13.3 500

illustrated in Fig. 23g and h. As a result, a low interfacial contact
resistivity at the GeTe/NiGe interface of ~1 uQ cm? was acquired
and remained below 3 uQ cm?” after aging at 773 K for 10 days.
The subsequent Fig. 23i and j illustrate several commonly
employed diffusion barrier layers in GeTe-based devices along
with their respective contact resistances.

In addition to the properties of diffusion barrier materials,
reliable mechanical properties are also crucial for the fabrica-
tion of devices and modules. Favorable mechanical properties
enhance the potential for subsequent mechanical processing of
the sample. The mechanical properties of pristine GeTe can be
enhanced through doping or composite approaches. The point
defects can reinforce the mechanical strength through doping.
The medium-entropy alloyed GeTe samples showed a Vickers
hardness of 270 Hv for Gege3Mng15Pbg.1Sbg 06Cdg.0sTe
compared to 134 Hv for the pristine sample.*® In addition, the
phase transition temperature was reduced to near room
temperature. On the other hand, Zhang et al.** successfully
improved both the compressive strength and Vickers hardness
of the material via boron incorporation while simultaneously
reducing the thermal expansion coefficient disparity before and
after the phase transition as illustrated in Fig. 24a-c. Zhu et al.*
also introduced composites of Cu,Te and PbTe into the GeTe
matrix through Cu,Te alloying combined with Pb and Cd
doping, resulting in a notable enhancement in Vickers hard-
ness and significant improvement in compressive strain
(Fig. 24d and e). Fig. 24d illustrates the comparison of Vickers

© 2025 The Author(s). Published by the Royal Society of Chemistry

hardness for GeTe-based materials. Additionally, interface
bonding strength is an important factor, which relies on the
reaction layers between GeTe and diffusion barrier materials. If
the reaction layer is thinner, the thermal resistance and elec-
trical resistance of the device will be reduced, but the interface
strength may not be sufficient for module fabrication, leading
to module failure.** Fig. 24f summarizes the shear strength for
GeTe-based materials observed for various material interfaces,
which provides potential diffusion barrier materials for device
fabrication. Tables 4 and 5 illustrate the relevant information
about the single devices or modules, respectively, indicating the
high performance of GeTe devices and modules.

6. Summary and outlook

In summary, great advancements and developments have been
achieved in GeTe thermoelectric materials. We have delineated
the intrinsic characteristics of GeTe materials, encompassing
the bonding structure, band structure, phonon structure, and
defect structure. Additionally, we have summarized contempo-
rary methods for performance optimization. The bonding
structure offers fundamental insights into the unique proper-
ties of GeTe, while its distinctive phase transition structure
introduces new degrees of freedom for performance enhance-
ment. By investigating the band and defect structures, we can
effectively optimize the electrical and phonon transport prop-
erties of these materials. As for electrical transport properties,

Chem. Sci., 2025, 16, 1617-1651 | 1645
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the power factor can be improved by band engineering, carrier
density optimization, energy filtering and rational processes.
Furthermore, the analysis of weighted mobility enables us to
observe variations in electrical transport performance from
another insight to select dopants. As for phonon transport
properties, the phonon structure provides useful guidance for
optimizing lattice thermal conductivity. Through the introduc-
tion of 0D, 1D, 2D and 3D defects, phonons with different
frequencies can be scattered effectively.

Moreover, through quality factor analysis, we can evaluate
how dopants affect the thermoelectric potential of the material,
providing valuable insights into ZT enhancement as shown in
Fig. 25. According to simulations, the quality factors of GeTe
can be 0.3 and 1.5 at 300 K and 700 K, respectively; based on
current data levels, there remains significant room for
improvement. The quality factor is determined by the weighted
mobility and lattice thermal conductivity, reflecting the micro-
scopic transport characteristics of electrons and phonons,
respectively. Research into multi-element co-doping as well as
medium-entropy and high-entropy materials has emerged as
a prominent trend that significantly reduces the carrier
concentration while enhancing the Seebeck coefficient and
suppressing lattice thermal conductivity, increasing the ZT
value profoundly; however, this often leads to significant loss in
carrier mobility, deteriorating the weighted mobility. Therefore,
to achieve further enhancements in performance, it is essential
to implement multiple strategies that consider mobility.

A rational fabrication process and composite incorporation
are robust strategies for enhancing their properties. Opti-
mizing the performance of GeTe materials through rational
process design can effectively optimize the structure of Ge
vacancies, serving as a strategic approach to improve carrier
mobility. Furthermore, a rational process and the introduction
of specific dopants are pivotal in constructing hierarchical
domain structures that significantly scatter phonons while
exerting minimal influence on carrier transport. The judicious
selection of composites can also concurrently enhance both

1646 | Chem. Sci, 2025, 16, 1617-1651

electrical and thermal transport properties, potentially estab-
lishing a trend in future research on GeTe-based thermoelec-
tric materials. Additionally, the development of specialized
microstructures within GeTe warrants careful consideration;
for instance, modifying grain boundaries or introducing
nanopores may substantially improve performance of GeTe-
based thermoelectric materials.

In terms of synthesis technology, beyond traditional
methods such as hot pressing and spark plasma sintering (SPS),
it is essential to explore innovative synthesis techniques. For
example, employing 3D printing additive manufacturing could
markedly expedite the production of bulk GeTe samples.
Moreover, utilizing the Bridgman method for fabricating single
crystal GeTe is crucial for achieving deeper insights into the
structure-performance relationship inherent in these samples.

In the field of devices, research on high-performance devices
and modules has advanced considerably. For the diffusion
barrier layers in GeTe-based thermoelectric devices, it is
imperative to attain low resistance, superior mechanical prop-
erties and thermal stability, and compatible thermal expansion
coefficients while accommodating a reaction layer with a proper
thickness (low contact resistance (both electrical and thermal)
but high bonding strength). Specifically, metals employed as
diffusion barrier layers have been thoroughly investigated. In
contrast, studies concerning compounds as diffusion barrier
layers remain relatively sparse.

Although significant progress has been made in under-
standing contact resistance, investigations on the compatibility
of mechanical properties and thermal expansion coefficients at
the interfaces are still insufficiently developed, especially under
the externally applied mechanical or thermal stresses upon
thermal cycling. These parameters are related to the reliability
of the thermoelectric modules in real applications, such as deep
space probes. Mechanical properties encompass both the
intrinsic characteristics of the material and the bonding
strength at the interface. Given that GeTe exhibits a high density
of vacancies, its mechanical performance may be adversely

© 2025 The Author(s). Published by the Royal Society of Chemistry
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affected, potentially leading to material failure at elevated
temperatures. Enhancing both the mechanical properties of
GeTe and its interfacial bonding strength is vital for advancing
micro-scale GeTe thermoelectric materials and devices in future
applications. The thermal expansion coefficient should account
for variations within GeTe itself as well as its compatibility with
adjacent barrier layers and electrodes. Additionally, attention
must be directed towards matching thermal expansion coeffi-
cients between p-type and n-type GeTe materials; the way
achieving n-type GeTe-based thermoelectric materials with
performance comparable to their p-type counterparts is criti-
cally important. More studies on device stability and longevity
are encouraged, and thus performance evaluation for samples
subjected to prolonged annealing is necessary for further
applications.

Data availability

All the data that support this study are included in this article.

Author contributions

All authors contributed to the conceptualization and writing of
the article. Y. J. drafted the initial manuscript. C. Y., H.-L. Z.,
and H. L. provided input and revisions, and J.-F. L. performed
the final editing.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the National Key R&D Program of
China (2023YFB3809400), the Basic Science Center Project of
the National Natural Science Foundation of China (52388201),
and the China Postdoctoral Science Foundation
(2023M731870). J. Y. acknowledge financial support from
the Shuimu Tsinghua Scholar Program (20235SM098). H. L.
acknowledge financial support from the Shuimu Tsinghua
Scholar Program (2022SM045). H.-L. Z. acknowledge financial
support from the Shuimu Tsinghua Scholar Program
(20228M119).

References

1 J.-F. Li, W.-S. Liu, L.-D. Zhao and M. Zhou, NPG Asia Mater.,
2010, 2, 152.

2 J. Mao, Z. Liu, J. Zhou, H. Zhu, Q. Zhang, G. Chen and
Z. Ren, Adv. Phys., 2018, 67, 69.

3 G.]J. Snyder and E. S. Toberer, Nat. Mater., 2008, 7, 105.

4 F. D. Rosi, ]J. P. Dismukes and E. F. Hockings, Electr. Eng.,
1960, 79, 450.

5 D. A. Wright, Metall. Rev., 1970, 15, 147.

6 S. K. Plachkova, Phys. Status Solidi A, 1984, 83, 349.

7 G. C. Christakudis, S. K. Plachkova, L. E. Shelimova and
E. S. Avilov, Phys. Status Solidi A, 1991, 128, 465.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

8 S. H. Yang, T. J. Zhu, T. Sun, J. He, S. N. Zhang and
X. B. Zhao, Nanotechnology, 2008, 19, 245707.

9 E. M. Levin, B. A. Cook, J. L. Harringa, S. L. Bud’ko,
R. Venkatasubramanian and K. Schmidt-Rohr, Adv. Funct.
Mater., 2011, 21, 441.

10 E. M. Levin, S. L. Bud’ko and K. Schmidt-Rohr, Adv. Funct.
Mater., 2012, 22, 2766.

11 Y. Gelbstein, J. Davidow, S. N. Girard, D. Y. Chung and
M. Kanatzidis, Adv. Energy Mater., 2013, 3, 815.

12 D. Wu, L.-D. Zhao, S. Hao, Q. Jiang, F. Zheng, J. W. Doak,
H. Wu, H. Chi, Y. Gelbstein, C. Uher, C. Wolverton,
M. Kanatzidis and J. He, J. Am. Chem. Soc., 2014, 136, 11412.

13 F. Fahrnbauer, D. Souchay, G. Wagner and O. Oeckler, J.
Am. Chem. Soc., 2015, 137, 12633.

14 T. Schroder, T. Rosenthal, N. Giesbrecht, M. Nentwig,
S. Maier, H. Wang, G. ]J. Snyder and O. Oeckler, Inorg.
Chem., 2014, 53, 7722.

15 E. Hazan, N. Madar, M. Parag, V. Casian, O. Ben-Yehuda
and Y. Gelbstein, Adv. Electron. Mater., 2015, 1, 1500228.

16 S. Perumal, P. Bellare, U. S. Shenoy, U. V. Waghmare and
K. Biswas, Chem. Mater., 2017, 29, 10426.

17 M. Samanta and K. Biswas, J. Am. Chem. Soc., 2017, 139,
9382.

18 J. Li, Z. Chen, X. Zhang, Y. Sun, J. Yang and Y. Pei, NPG Asia
Mater., 2017, 9, €353.

19 J. Li, X. Zhang, S. Lin, Z. Chen and Y. Pei, Chem. Mater.,
2017, 29, 605.

20 S. Schwarzmiller, M. Jakob, M. Nentwig, T. Schroder,
A. Kuhn, A. Divel, P. Heitjans and O. Oeckler, Chem.
Mater., 2018, 30, 7970.

21 J. Li, X. Zhang, X. Wang, Z. Bu, L. Zheng, B. Zhou, F. Xiong,
Y. Chen and Y. Pei, J. Am. Chem. Soc., 2018, 140, 16190.

22 M. Hong, Y. Wang, W. Liu, S. Matsumura, H. Wang, J. Zou
and Z.-G. Chen, Adv. Energy Mater., 2018, 8, 1801837.

23 M. Hong, Z.-G. Chen, L. Yang, Y.-C. Zou, M. S. Dargusch,
H. Wang and ]. Zou, Adv. Mater., 2018, 30, 1705942.

24 X.Zhang, J. Li, X. Wang, Z. Chen, J. Mao, Y. Chen and Y. Pei,
J. Am. Chem. Soc., 2018, 140, 15883.

25 J. Li, X. Zhang, Z. Chen, S. Lin, W. Li, J. Shen, I. T. Witting,
A. Faghaninia, Y. Chen, A. Jain, L. Chen, G. J. Snyder and
Y. Pei, Joule, 2018, 2, 976.

26 D. Wu, L. Xie, X. Xu and J. He, Adv. Funct. Mater., 2019, 29,
1806613.

27 S. Perumal, T. Ghosh, A. Singh and K. Biswas, Joule, 2019,
10, 2565.

28 J. Dong, F.-H. Sun, H. Tang, ]J. Pei, H.-L. Zhuang, H.-H. Hu,
B.-P. Zhang, Y. Pan and ].-F. Li, Energy Environ. Sci., 2019,
12, 1396.

29 Z. Liu, W. Gao, W. Zhang, N. Sato, Q. Guo and T. Mori, Adv.
Energy Mater., 2020, 10, 2002588.

30 M. Hong, W. Lyv, M. Li, S. Xu, Q. Sun, J. Zou and Z.-G. Chen,
Joule, 2020, 4, 2030.

31 X. Xu, Y. Huang, L. Xie, D. Wu, Z. Ge and ]J. He, Chem.
Mater., 2020, 32, 1693.

32 T. Xing, C. Zhu, Q. Song, H. Huang, J. Xiao, D. Ren, M. Shi,
P. Qiu, X. Shi, F. Xu and L. Chen, Adv. Mater., 2021, 33,
2008773.

Chem. Sci., 2025, 16, 1617-1651 | 1647


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc06615d

Open Access Article. Published on 06 Phesekgong 2025. Downloaded on 2026-02-14 14:36:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

33 G. Bai, Y. Yu, X. Wu, J. Li, Y. Xie, L. Hu, F. Liu, M. Wuttig,
O. Cojocaru-Mirédin and C. Zhang, Adv. Energy Mater.,
2021, 11, 2102012.

34 Z. Bu, X. Zhang, B. Shan, J. Tang, H. Liu, Z. Chen, S. Lin,
W. Li and Y. Pei, Sci. Adv., 2021, 7, eabf2738.

35 M. Li, Q. Sun, S.-D. Xu, M. Hong, W.-Y. Lyu, J.-X. Liu,
Y. Wang, M. Dargusch, J. Zou and Z.-G. Chen, Adv. Mater.,
2021, 33, 2102575.

36 S. zhi, J. Li, L. Hu, J. Li, N. Li, H. Wu, F. Liu, C. Zhang,
W. Ao, H. Xie, X. Zhao, S. J. Pennycook and T. Zhu, Adv.
Sci., 2021, 8, 2100220.

37 D.-Z. Wang, W.-D. Liu, M. Li, L.-C. Yin, H. Gao, Q. Sun,
H. Wu, Y. Wang, X.-L. Shi, X. Yang and Q. Liu, Chem. Eng.
J., 2022, 441, 136131.

38 B. Jiang, W. Wang, S. Liu, Y. Wang, C. Wang, Y. Chen,
L. Xie, M. Huang and J. He, Science, 2022, 377, 208.

39 Y. Jiang, J. Dong, H.-L. Zhuang, J. Yu, B. Su, H. Li, J. Pei,
F.-H. Sun, M. Zhou, H. Hu, J.-W. Li, Z. Han, B.-P. Zhang,
T. Mori and ].-F. Li, Nat. Commun., 2022, 13, 6087.

40 S. Duan, W. Xue, H. Yao, X. Wang, C. Wang, S. Li, Z. Zhang,
L. Yin, L. Huang, X. Wang, C. Chen, J. Sui, Y. Chen, J. Mao,
F. Cao, Y. Wang and Q. Zhang, Adv. Energy Mater., 2022, 12,
2103385.

41 Y. Jin, D. Wang, T. Hong, L. Su, H. Shi, S. Zhan, Y. Wang,
S. Wang, X. Gao, Y. Qiu and L.-D. Zhao, Adv. Energy
Mater., 2022, 12, 2103779.

42 X.Wang, H. Yao, L. Yin, W. Xue, Z. Zhang, S. Duan, L. Chen,
C. Chen, J. Sui, X. Liu, Y. Wang, J. Mao, Q. Zhang and X. Lin,
Adv. Energy Mater., 2022, 12, 2201043.

43 C. Liu, Z. Zhang, Y. Peng, F. Li, L. Miao, E. Nishibori,
R. Chetty, X. Bai, R. Si, ]J. Gao, X. Wang, Y. Zhu, N. Wang,
H. Wei and T. Mori, Sci. Adv., 2023, 9, eadh0713.

44 Z. Guo, G. Wu, X. Tan, R. Wang, Z. Zhang, G. Wu, Q. Zhang,
J. Wu, G.-Q. Liu and ]. Jiang, Adv. Funct. Mater., 2023, 33,
2212421.

45 A. Das, P. Acharyya, S. Das and K. Biswas, J. Mater. Chem. A,
2023, 11, 12793.

46 C. Zhang, G. Yan, Y. Wang, X. Wu, L. Hu, F. Liu, W. Ao,
0. Cojocaru-Mirédin, M. Wuttig, G. J. Snyder and Y. Yu,
Adv. Energy Mater., 2023, 13, 2203361.

47 Y. Jiang, B. Su, J. Yu, Z. Han, H. Hu, H.-L. Zhuang, H. Li,
J. Dong, J.-W. Li, C. Wang, Z.-H. Ge, ]J. Feng, F.-H. Sun
and J.-F. Li, Nat. Commun., 2024, 15, 5915.

48 V. K. Ranganayakulu, T.-H. Wang, C.-L. Chen, A. Huang,
M.-H. Ma, C.-M. Wu, W.-H. Tsai, T.-L. Hung, M.-N. Ou,
H.-T. Jeng, C.-H. Lee, K.-H. Chen, W.-H. Li, M. K. Brod,
G. J. Snyder and Y.-Y. Chen, Energy Environ. Sci., 2024, 17,
1904.

49 Y. Jin, Y. Qiuy, S. Bai, H. Xie, S. Liu, T. Hong, X. Gao, Y. Wen
and L.-D. Zhao, Adv. Energy Mater., 2024, 14, 2400623.

50 J. Zhu, X. Tan, M. Hong, Y. Wei, H. Ma, F. Feng, Y. Luo,
H. Wu, Q. Sun and R. Ang, Adv. Energy Mater., 2024,
2402552.

51 Z. Bu, W. Li, J. Li, X. Zhang, J. Mao, Y. Chen and Y. Pei,
Mater. Today Phys., 2019, 9, 100096.

1648 | Chem. Sci, 2025, 16, 1617-1651

View Article Online

Review

52 L. Xie, Y. Chen, R. Liu, E. Song, T. Xing, T. Deng, Q. Song,
J. Liu, R. Zheng, X. Gao, S. Bai and L. Chen, Nano Energy,
2020, 68, 104347.

53 Y. Yu, X. Xu, Y. Wang, B. Jia, S. Huang, X. Qiang, B. Zhu,
P. Lin, B. Jiang, S. Liu, X. Qi, K. Pan, D. Wu, H. Lu,
M. Bosman, S. J. Pennycook, L. Xie and ]. He, Nat.
Commun., 2022, 13, 5612.

54 F. Li, X. Liu, S.-R. Li, X.-F. Zhang, N. Ma, X.-J. Li, X.-Y. Lin,
L. Chen, H. Wu and L.-M. Wu, Energy Environ. Sci., 2024, 17,
158.

55 Y. Wu, Z. Chen, P. Nan, F. Xiong, S. Lin, X. Zhang, Y. Chen,
L. Chen, B. Ge and Y. Pei, joule, 2019, 3, 1276.

56 C. Zhou, Y. K. Lee, Y. Yu, S. Byun, Z.-Z. Luo, H. Lee, B. Ge,
Y.-L. Lee, X. Chen, ]J. Y. Lee, O. Cojocaru-Mirédin,
H. Chang, J. Im, S.-P. Cho, M. Wuttig, V. P. Dravid,
M. G. Kanatzidis and I. Chung, Nat. Mater., 2021, 20, 1378.

57 M. Guo, H.-H. Cui, W. Guo, Z. Chen, H. Ming, Z.-Z. Luo and
Z. Zou, Adv. Funct. Mater., 2024, 34, 2313720.

58 A. Bhui, S. Das, R. Arora, U. Bhat, P. Dutta, T. Ghosh,
R. Pathak, R. Datta, U. V. Waghmare and K. Biswas, J. Am.
Chem. Soc., 2023, 145, 25392.

59 K. Biswas, ]J. He, I. D. Blum, C.-I. Wu, T. P. Hogan,
D. N. Seidman, V. P. Dravid and M. G. Kanatzidis, Nature,
2012, 489, 414.

60 Q. Yan and M. G. Kanatzidis, Nat. Mater., 2022, 21, 503.

61 X. Zhou, Y. Yan, X. Lu, H. Zhu, X. Han, G. Chen and Z. Ren,
Mater. Today, 2018, 21, 974.

62 A. Witze, Nature, 2014, 515, 484.

63 H. Huy, Y. Ju, J. Yu, Z. Wang, J. Pei, H.-C. Thong, J.-W. Li,
B. Cai, F. Liu, Z. Han, B. Su, H.-L. Zhuang, Y. Jiang, H. Li,
Q. Li, H. Zhao, B.-P. Zhang, ]J. Zhu and ].-F. Li, Nat.
Mater., 2024, 23, 527.

64 I. Chowdhury, R. Prasher, K. Lofgreen, G. Chrysler,
S. Narasimhan, R. Mahajan, D. Koester, R. Alley and
R. Venkatasubramanian, Nat. Nanotechnol., 2009, 4, 235.

65 Y. Qin, B. Qin, T. Hong, X. Zhang, D. Wang, D. Liu,
Z.-Y. Wang, L. Su, S. Wang, X. Gao, Z.-H. Ge and
L.-D. Zhao, Science, 2024, 383, 1204.

66 D. Liu, D. Wang, T. Hong, Z. Wang, Y. Wang, Y. Qin, L. Su,
T. Yang, X. Gao, Z. Ge, B. Qin and L.-D. Zhao, Science, 2023,
380, 841.

67 M. Li, X.-L. Shi and Z.-G. Chen, Adv. Funct. Mater., 2024,
2403498.

68 Y. Yu, X. Xu, M. Bosman, K. Nielsch and J. He, Nat. Rev.
Electr. Eng., 2024, 1, 109.

69 J. Yu, H. Hu, H.-L. Zhuang, H. Li and ]J.-F. Li, Acc. Mater.
Res., 2024, 5(11), 1428-1439.

70 X. Shi, L. Chen and C. Uher, Int. Mater. Rev., 2016, 61, 379.

71 X.-L. Shi, J. Zou and Z.-G. Chen, Chem. Rev., 2020, 120, 7399.

72 X. Zhang, Z. Bu, S. Lin, Z. Chen, W. Li and Y. Pei, Joule,
2020, 4, 986.

73 M. Hong and Z.-G. Chen, Acc. Chem. Res., 2022, 55, 3178.

74 L.-D. Zhao, H. J. Wu, S. Hao, C.-I. Wu, X. Zhou, K. Biswas,
J. He, T. P. Hogan, C. Uher, C. Wolverton, V. P. Dravid
and M. Kanatzidis, Energy Environ. Sci., 2013, 6, 3346.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc06615d

Open Access Article. Published on 06 Phesekgong 2025. Downloaded on 2026-02-14 14:36:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

75 ]J. P. Heremans, V. Jovovic, E. S. Toberer, A. Saramat,
K. Kurosaki, A. Charoenphakdee, S. Yamanaka and
G. J. Snyder, Science, 2008, 321, 554.

76 H. Wang, H. Hu, N. Man, C. Xiong, Y. Xiao, X. Tan, G. Liu
and J. Jiang, Mater. Today Phys., 2021, 16, 100298.

77 M. Hong, Y. Wang, T. Feng, Q. Sun, S. Xu, S. Matsumura,
S. T. Pantelides, J. Zou and Z.-G. Chen, J. Am. Chem. Soc.,
2019, 141, 1742.

78 H.-L. Zhuang, H. Hu, ]J. Pei, B. Su, J.-W. Li, Y. Jiang, Z. Han
and J.-F. Li, Energy Environ. Sci., 2022, 15, 2039.

79 H. Hu, H.-L. Zhuang, Y. Jiang, J. Shi, J.-W. Li, B. Cai, Z. Han,
J. Pei, B. Su, Z.-H. Ge, B.-P. Zhang and ].-F. Li, Adv. Mater.,
2021, 33, 2103633.

80 H. Pang, X. Zhang, D. Wang, R. Huang, Z. Yang, X. Zhang,
Y. Qiu and L.-D. Zhao, J. Mater., 2022, 8, 184.

81 J. Dong, Y. Liu, Z. Li, H. Xie, Y. Jiang, H. Wang, X. Y. Tan,
A. Suwardi, X. Zhou, ].-F. Li, C. Wolverton, V. P. Dravid,
Q. Yan and M. G. Kanatzidis, J. Am. Chem. Soc., 2024, 146,
17355.

82 B.Jiang, Y. Yu, H. Chen, J. Cui, X. Liu, L. Xie and J. He, Nat.
Commun., 2021, 12, 3234.

83 B. C. Sales, D. Mandrus and R. K. Williams, Science, 1996,
272, 1325.

84 J. Li, X. Zhang, H. Ma, B. Duan, G. Li, J. Yang, H. Wang,
H. Yang, L. Zhou and P. Zhai, J. Mater., 2022, 8, 88.

85 W. G. Zeier, J. Schmitt, G. Hautier, U. Aydemir, Z. M. Gibbs,
C. Felser and G. J. Snyder, Nat. Rev. Mater., 2016, 1, 1.

86 H. Li, K. Hayashi, Z. Huang, H. Takeuchi, G. Kanno, J.-F. Li
and Y. Miyazaki, J. Mater., 2024, 10, 511.

87 T. Zhu, Y. Liu, C. Fu, J. P. Heremans, J. G. Snyder and
X. Zhao, Adv. Mater., 2017, 29, 1605884.

88 H. Okamoto, J. Ph. Equilibria Diffus., 2000, 21, 496.

89 M. Hong, J. Zou and Z.-G. Chen, Adv. Mater., 2019, 31,
1807071.

90 T. Chatterji, C. M. N. Kumar and U. D. Wdowik, Phys. Rev. B,
2015, 91, 054110.

91 S. Perumal, S. Roychowdhury and K. Biswas, J. Mater. Chem.
C, 2016, 4, 7520.

92 K. M. Rabe and J. D. Joannopoulos, Phys. Rev. B, 1987, 36,
6631.

93 R. Basu and A. Singh, Energy Adv., 2024, 3, 689.

94 R. Hoffmann, Angew. Chem. Int. Ed., 1987, 99, 871.

95 G. S. Rohrer, Structure and Bonding in Crystalline Materials,
Cambridge University Press, Cambridge, 2001.

96 W. A. Harrison, Pure Appl. Chem., 1989, 61, 2161.

97 T. Koopmans, Physica, 1934, 1, 104.

98 W. G. Zeier, A. Zevalkink, Z. M. Gibbs, G. Hautier,
M. G. Kanatzidis and G. J. Snyder, Angew. Chem. Int. Ed.,
2016, 55, 6826.

99 L. M. Schoop, L. Miichler, C. Felser and R. ]J. Cava, Inorg.
Chem., 2013, 52, 5479.

100 B. B. Van Aken, T. T. M. Palstra, A. Filippetti and
N. A. Spaldin, Nat. Mater., 2004, 3, 164.

101 M. Miao, J. Brgoch, A. Krishnapriyan, A. Goldman,
J. A. Kurzman and R. Seshadri, Inorg. Chem., 2013, 52, 8183.

102 P. A. Cox, The Electronic Structure and Chemistry of Solids,
Oxford University Press, London, 1987.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

103 M. Wauttig, V. L. Deringer, X. Gonze, C. Bichara and
J.-Y. Raty, Adv. Mater., 2018, 30, 1803777.

104 T. H. Lee and S. R. Elliott, Adv. Mater., 2020, 32, 2000340.

105 W.-D. Liu, D.-Z. Wang, Q. Liu, W. Zhou, Z. Shao and
Z.-G. Chen, Adv. Energy Mater., 2020, 10, 2000367.

106 T. Wang, C. Zhang, J.-Y. Yang and L. Liu, Phys. Chem. Chem.
Phys., 2021, 23, 23576.

107 Y. Zhong, J. Tang, H. Liu, Z. Chen, L. Lin, D. Ren, B. Liu and
R. Ang, ACS Appl. Mater. Interfaces, 2020, 12, 49323.

108 E. S. Bozin, C. D. Malliakas, P. Souvatzis, T. Proffen,
N. A. Spaldin, M. G. Kanatzidis and S. J. L. Billinge,
Science, 2010, 330, 1660.

109 U. D. Wdowik, K. Parlinski, S. Rols and T. Chatterji, Phys.
Rev. B, 2014, 89, 224306.

110 J. Pei, H. Li, H.-L. Zhuang, J. Dong, B. Cai, H. Hu, J.-W. Li,
Y. Jiang, B. Su, L.-D. Zhao and J.-F. Li, InfoMat, 2022, 4,
e€12372.

111 M. Hong, M. Li, Y. Wang, X.-L. Shi and Z.-G. Chen, Adv.
Mater., 2023, 35, 2208272.

112 Z. Chen, X. Zhang, S. Lin, L. Chen and Y. Pei, Natl. Sci. Rev.,
2018, 5, 888.

113 J. Li, Z. Chen, X. Zhang, H. Yu, Z. Wu, H. Xie, Y. Chen and
Y. Pei, Adv. Sci., 2017, 4, 1700341.

114 W. Li, Z. Chen, S. Lin, Y. Chang, B. Ge, Y. Chen and Y. Pei, /.
Mater., 2015, 1, 307.

115 M. Jonson and G. D. Mahan, Phys. Rev. B:Condens. Matter
Mater. Phys., 1980, 21, 4223.

116 Z.Guo, Q. Zhang, H. Wang, X. Tan, F. Shi, C. Xiong, N. Man,
H. Hu, G. Liu and J. Jiang, J. Mater. Chem. A, 2020, 8, 21642.

117 C. Wood, Rep. Prog. Phys., 1988, 51, 459.

118 Y. Feng, J. Li, Y. Li, T. Ding, C. Zhang, L. Hu, F. Liu, W. Ao
and C. Zhang, J. Mater. Chem. A, 2020, 8, 11370.

119 Q. Sun, M. Li, X.-L. Shi, S.-D. Xu, W.-D. Liu, M. Hong,
W. Lyu, Y. Yin, M. Dargusch, J. Zou and Z.-G. Chen, Adv.
Energy Mater., 2021, 11, 2100544.

120 J. Li, W. Li, Z. Bu, X. Wang, B. Gao, F. Xiong, Y. Chen and
Y. Pei, ACS Appl. Mater. Interfaces, 2018, 10, 39904.

121 J. Shuai, X. J. Tan, Q. Guo, J. T. Xu, A. Gellé, R. Gautier,
J.-F. Halet, F. Failamani, ]J. Jiang and T. Mori, Mater.
Today Phys., 2019, 9, 100094.

122 A. Kumar, P. Bhumla, T. Parashchuk, S. Baran,
S. Bhattacharya and K. T. Wojciechowski, Chem. Mater.,
2021, 33, 3611.

123 Z. Zheng, X. Su, R. Deng, C. Stoumpos, H. Xie, W. Liu,
Y. Yan, S. Hao, C. Uher, C. Wolverton, M. G. Kanatzidis
and X. Tang, J. Am. Chem. Soc., 2018, 140, 2673.

124 R.Liang, G.Yan, Y. Geng, L. Hu, F. Liu, W. Ao and C. Zhang,
Adv. Funct. Mater., 2024, 2404021.

125 L. Wu, X. Li, S. Wang, T. Zhang, J. Yang, W. Zhang, L. Chen
and J. Yang, NPG Asia Mater., 2017, 9, e343.

126 X. Yang, X.-M. Li, Y. Li, Y. Li, R. Sun, J.-N. Liu, X. Bai, N. Li,
Z.-K. Xie, L. Su, Z.-Z. Gong, X.-Q. Zhang, W. He and
Z. Cheng, Nano Lett., 2021, 21, 77.

127 Y. Zhai, S. Baniya, C. Zhang, J. Li, P. Haney, C.-X. Sheng,
E. Ehrenfreund and Z. V. Vardeny, Sci. Adv., 2017, 3,
€1700704.

Chem. Sci., 2025, 16, 1617-1651 | 1649


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc06615d

Open Access Article. Published on 06 Phesekgong 2025. Downloaded on 2026-02-14 14:36:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

128 M. Hong, K. Zheng, W. Lyv, M. Li, X. Qu, Q. Sun, S. Xu,
J. Zou and Z.-G. Chen, Energy Environ. Sci., 2020, 13, 1856.

129 M. Zhang, Z. Gao, Q. Lou, Q. Zhu, J. Wang, Z. Han, C. Fu
and T. Zhu, Adv. Funct. Mater., 2024, 34, 2307864.

130 Q. Chen, C. Yang, T. Xing, J. Xi, W. Zhang, J. Yang and L. Xi,
J. Mater., 2025, 11, 100832.

131 S. Perumal, P. Bellare, U. S. Shenoy, U. V. Waghmare and
K. Biswas, Chem. Mater., 2017, 29, 10426.

132 W. Gao, Z. Liu, W. Zhang, N. Sato, Q. Guo and T. Mori, Appl.
Phys. Lett., 2021, 118, 033901.

133 J. Lyu, J. Li, W. Yang, Z. Chen, Z. Ren, Z. Zhao, S. Liu and
J. Shuai, Chem. Eng. J., 2024, 485, 149695.

134 L.-C. Yin, W.-D. Liu, M. Li, D.-Z. Wang, H. Wu, Y. Wang,
L. Zhang, X.-L. Shi, Q. Liu and Z.-G. Chen, Adv. Funct.
Mater., 2023, 33(25), 2301750.

135 C. Gayner and Y. Amouyal, Adv. Funct. Mater., 2020, 30,
1901789.

136 J. Shuai, Y. Sun, X. Tan and T. Mori, Small, 2020, 16,
1906921.

137 B. Srinivasan, R. Gautier, F. Gucci, B. Fontaine, J.-F. Halet,
F. Cheviré, C. Boussard-Pledel, M. ]J. Reece and B. Bureau, J.
Phys. Chem. C, 2018, 122, 227.

138 G. J. Snyder, A. H. Snyder, M. Wood, R. Gurunathan,
B. H. Snyder and C. Niu, Adv. Mater., 2020, 32, 2001537.

139 L. Su, D. Wang, S. Wang, B. Qin, Y. Wang, Y. Qin, Y. Jin,
C. Chang and L.-D. Zhao, Science, 2022, 375, 1385.

140 Y. Pei, H. Wang and G. J. Snyder, Adv. Mater., 2012, 24,
6125.

141 Y. Jin, Y. Xiao, D. Wang, Z. Huang, Y. Qiu and L.-D. Zhao,
ACS Appl. Energy Mater., 2019, 2, 7594.

142 Z. Liu, J. Sun, J. Mao, H. Zhu, W. Ren, J. Zhou, Z. Wang,
D. J. Singh, J. Sui, C.-W. Chu and Z. Ren, Proc. Natl. Acad.
Sci. U. S. A., 2018, 115, 5332.

143 Y.-F. Tsai, M.-Y. Ho, P.-C. Wei and H.-]. Wu, Acta Mater.,
2022, 222, 117406.

144 L.-C. Yin, W.-D. Liu, M. Li, D.-Z. Wang, S. Li, S.-Q. Li,
X.-L. Shi, Y. Wang, L. Zhang, Q. Liu and Z.-G. Chen, Adv.
Energy Mater., 2024, 14, 2400340.

145 D.-Z. Wang, W.-D. Liu, Y. Mao, S. Li, L.-C. Yin, H. Wu, M. Li,
Y. Wang, X.-L. Shi, X. Yang, Q. Liu and Z.-G. Chen, J. Am.
Chem. Soc., 2024, 146, 1681.

146 D.-Z. Wang, W.-D. Liu, M. Li, K. Zheng, H. Hu, L.-C. Yin,
Y. Wang, H. Zhu, X.-L. Shi, X. Yang, Q. Liu and
Z.-G. Chen, Adv. Funct. Mater., 2023, 33, 2213040.

147 M. Samanta, T. Ghosh, R. Arora, U. V. Waghmare and
K. Biswas, J. Am. Chem. Soc., 2019, 141, 19505.

148 H.-L. Zhuang, J. Yu and J.-F. Li, Small Sci., 2024, 2400284.

149 H.-S. Kim, Z. M. Gibbs, Y. Tang, H. Wang and G. J. Snyder,
APL Mater., 2015, 3, 041506.

150 G. Yang, R. Niu, L. Sang, X. Liao, D. R. G. Mitchell, N. Ye,
J. Pei, J.-F. Li and X. Wang, Adv. Energy Mater., 2020, 10,
2000757.

151 A. A. Maznev and O. B. Wright, Am. J. Phys., 2014, 82, 1062.

152 H. Hu, Y. Ju, J. Yu, Z. Wang, J. Pei, H.-C. Thong, J.-W. Li,
B. Cai, F. Liu, Z. Han, B. Su, H.-L. Zhuang, Y. Jiang, H. Li,
Q. Li, H. Zhao, B.-P. Zhang, J. Zhu and ].-F. Li, Nat.
Mater., 2024, 23, 527.

1650 | Chem. Sci., 2025, 16, 1617-1651

View Article Online

Review

153 B. Su, Z. Han, Y. Jiang, H.-L. Zhuang, J. Yu, J. Pei, H. Hu,
J.-W. Li, Y.-X. He, B.-P. Zhang and ].-F. Li, Adv. Funct.
Mater., 2023, 33, 2301971.

154 S. I. Kim, K. H. Lee, H. A. Mun, H. S. Kim, S. W. Hwang,
J. W. Roh, D. J. Yang, W. H. Shin, X. S. Li, Y. H. Lee,
G. J. Snyder and S. W. Kim, Science, 2015, 348, 109.

155 J. Yu, H. Hu, Y. Jiang, H.-L. Zhuang, H.-C. Thong, B. Su,
J.-W. Li, Z. Han, H. Li, J. Pei and ].-F. Li, Adv. Energy
Mater., 2024, 14, 2303942.

156 J.-W. Li, Z. Han, J. Yu, H.-L. Zhuang, H. Hu, B. Su, H. Li,
Y. Jiang, L. Chen, W. Liu, Q. Zheng and J.-F. Li, Nat.
Commun., 2023, 14, 7428.

157 J. Yu, X. Liu, H. Hu, Y. Jiang, H.-L. Zhuang, H. Li, B. Su,
J-W. Li, Z. Han, Z. Wang, L. Chen, K. Hayashi,
Y. Miyazaki, B. L. Mehdi and ].-F. Li, Joule, 2024, 8, 2652.

158 J. Callaway, Phys. Rev., 1959, 113, 1046.

159 J. Callaway and H. C. von Baeyer, Phys. Rev., 1960, 120,
1149.

160 G. Wu, J. Cai, L. Chen, Z. Guo, K. Chen, X. Tan, J. Wu,
G.-Q. Liu and ]J. Jiang, Adv. Funct. Mater., 2024, 2407818.

161 J. Tang, Z. Yao, Y. Wu, S. Lin, F. Xiong, W. Li, Y. Chen,
T. Zhu and Y. Pei, Mater. Today Phys., 2020, 15, 100247.

162 A. Suwardi, J. Cao, L. Hu, F. Wei, J. Wu, Y. Zhao, S. H. Lim,
L. Yang, X. Y. Tan, S. W. Chien, Y. Yin, W.-X. Zhou,
W. L. M. Nancy, X. Wang, S. H. Lim, X. Ni, D. Li, Q. Yan,
Y. Zheng, G. Zhang and J. Xu, J. Mater. Chem. A, 2020, 8,
18880.

163 L.-C. Yin, W.-D. Liu, M. Li, Q. Sun, H. Gao, D.-Z. Wang,
H. Wu, Y.-F. Wang, X.-L. Shi, Q. Liu and Z.-G. Chen, Adv.
Energy Mater., 2021, 11, 2102913.

164 X. Liu, W. Wang, Y. Wang, P. Li, Q. Tang, B. Jia, Z. Huang,
Y. Lin, B. Jiang and J. He, Adv. Energy Mater., 2024, 14,
2304029.

165 P. Acharyya, S. Roychowdhury, M. Samanta and K. Biswas,
J. Am. Chem. Soc., 2020, 142, 20502.

166 D.-Z. Wang, W.-D. Liu, X.-L. Shi, H. Gao, H. Wu, L.-C. Yin,
Y. Zhang, Y. Wang, X. Wu, Q. Liu and Z.-G. Chen, J.
Mater. Sci. Technol., 2022, 106, 249.

167 G. A. Slack, Phys. Rev., 1957, 105, 829.

168 B. Abeles, Phys. Rev., 1963, 131, 1906.

169 B. Srinivasan, S. L. Tonquesse, A. Gell¢, C. Bourges,
L. Monier, I. Ohkubo, J.-F. Halet, D. Berthebaud and
T. Mori, J. Mater. Chem. A, 2020, 8, 19805.

170 Z. Deng, A. Olvera, ]J. Casamento, J. S. Lopez, L. Williams,
R. Lu, G. Shi, P. F. P. Poudeu and E. Kioupakis, Chem.
Mater., 2020, 32, 6070.

171 M. Li, Z. Ding, Q. Meng, J. Zhou, Y. Zhu, H. Liu,
M. S. Dresselhaus and G. Chen, Nano Lett., 2017, 17, 1587.

172 L. Xu, Y. Xiao, S. Wang, B. Cui, D. Wu, X. Ding and
L.-D. Zhao, Nat. Commun., 2022, 13, 6449.

173 Z. Chen, B. Ge, W. Li, S. Lin, J. Shen, Y. Chang, R. Hanus,
G. J. Snyder and Y. Pei, Nat. Commun., 2017, 8, 13828.

174 P. Carruthers, Phys. Rev., 1959, 114, 995.

175 G. Catalan, J. Seidel, R. Ramesh and ]. F. Scott, Rev. Mod.
Phys., 2012, 84, 119.

176 S. S. P. Parkin, M. Hayashi and L. Thomas, Science, 2008,
320, 190.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc06615d

Open Access Article. Published on 06 Phesekgong 2025. Downloaded on 2026-02-14 14:36:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

177 P.Sharma, T. S. Moise, L. Colombo and J. Seidel, Adv. Funct.
Mater., 2022, 32, 2110263.

178 A. Negi, H. P. Kim, Z. Hua, A. Timofeeva, X. Zhang, Y. Zhu,
K. Peters, D. Kumabh, X. Jiang and J. Liu, Adv. Mater., 2023,
35, 2211286.

179 Y. Yu, L. Xie, S. J. Pennycook, M. Bosman and ]. He, Sci.
Adv., 2022, 8, eadd7690.

180 S. Chen, H. Bai, J. Li, W. Pan, X. Jiang, Z. Li, Z. Chen, Y. Yan,
X. Su, J. Wu, C. Uher and X. Tang, ACS Appl. Mater.
Interfaces, 2020, 12, 19664.

181 N. Mingo, D. Hauser, N. P. Kobayashi, M. Plissonnier and
A. Shakouri, Nano Lett., 2009, 9, 711.

182 R. Si, Z. Zhang, C. Liu, Y. Peng, X. Bai, B. Feng, J. Chen,
J. Gao and L. Miao, Mater. Today Phys., 2023, 34, 101081.

183 L. Xie, R. Liu, C. Zhu, Z. Bu, W. Qiu, J. Liu, F. Xu, Y. Pei,
S. Bai and L. Chen, Small, 2021, 17, 2100915.

184 C. Zhu, J. Wang, F. Luo, S. Zhang, J. Wang, Y. Zhang, H. Liu
and Z. Sun, ACS Appl. Mater. Interfaces, 2022, 14, 38854.

185 Y. Jin, T. Hong, D. Wang, Y. Xiao, W. He, X. Gao, Y. Qiu and
L.-D. Zhao, Mater. Today Phys., 2021, 20, 100444.

186 Q. Zhang, J. Liao, Y. Tang, M. Gu, C. Ming, P. Qiu, S. Bai,
X. Shi, C. Uher and L. Chen, Energy Environ. Sci., 2017,
10, 956.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

187 J. Pei, J.-L. Shi, H. Li, Y. Jiang, J. Dong, H.-L. Zhuang, B. Cai,
B. Su, J. Yu, W. Zhou, B.-P. Zhang and ].-F. Li, Adv. Funct.
Mater., 2023, 33, 2214771.

188 L. Xie, C. Ming, Q. Song, C. Wang, J. Liao, L. Wang, C. Zhu,
F. Xu, Y.-Y. Sun, S. Bai and L. Chen, Sci. Adv., 2023, 9,
eadg7919.

189 T. Xing, Q. Song, P. Qiu, Q. Zhang, M. Gu, X. Xia, ]J. Liao,
X. Shi and L. Chen, Energy Environ. Sci., 2021, 14, 995.

190 Y. Geng, H. He, R. Liang, Q. Lai, L. Hu, F. Liu and C. Zhang,
Adv. Energy Mater., 2024, 2402479.

191 R. He, G. Schierning and K. Nielsch, Adv. Mater. Technol.,
2018, 3, 1700256.

192 J. Dong, Y. Jiang, J. Liu, J. Pei, X. Y. Tan, H. Hu, A. Suwardi,
N. Jia, C. Liu, Q. Zhu, Q. Yan and J.-F. Li, Nano Energy, 2022,
103, 107809.

193 J. Cao, X. Y. Tan, N. Jia, J. Zheng, S. W. Chien, H. K. Ng,
C. K. L. Tan, H. Liu, Q. Zhu, S. Wang, G. Zhang, K. Chen,
Z. Li, L. Zhang, J. Xu, L. Hu, Q. Yan, J. Wu and
A. Suwardi, Nano Energy, 2022, 96, 107147.

194 M. Li, S.-D. Xu, M. Hong, W.-Y. Lyu, Y. Wang, M. Dargusch,
J. Zou, H.-M. Cheng and Z.-G. Chen, Adv. Funct. Mater.,
2022, 32, 2208579.

195 C. Xu, Z. Liang, W. Ren, S. Song, F. Zhang and Z. Ren, Adv.
Energy Mater., 2022, 12, 2202392.

Chem. Sci., 2025, 16, 1617-1651 | 1651


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc06615d

	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics

	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics

	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics

	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics

	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics
	Chemical modulation and defect engineering in high-performance GeTe-based thermoelectrics


