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ation and defect engineering in
high-performance GeTe-based thermoelectrics

Yilin Jiang,a Jincheng Yu,a Hezhang Li,ab Hua-Lu Zhuanga and Jing-Feng Li *ac

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

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

of GeTe. This review encapsulates historical progress while projecting future development trends that

will facilitate the practical application of GeTe in alignment with environmentally sustainable objectives.
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1. Introduction

Thermoelectric materials span a vast range of compounds that
facilitate the direct conversion of heat to electricity and vice
versa.1,2 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.60,61 Thermo-
electric devices are applicable in various elds, such as
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industrial waste heat recovery and aerospace technology.62,63 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.64–66 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.67

The thermoelectric performance of candidate materials is
characterized by the dimensionless gure of merit ZT,
dened as

ZT = S2sT/k (1)
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where s, S, T, and k 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.68,69 Notably, the thermal conductivity is usually
contributed by three distinct parts: electronic thermal conduc-
tivity, lattice thermal conductivity, and bipolar diffusion
thermal conductivity.70 The conversion efficiency of thermo-
electric devices is closely linked to the average ZT value as
shown in this formula:

h ¼ TH � TC

TH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ZTavg

p � 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ZTavg

p þ TC

TH

(2)

where TH and TC are the hot-side and cold-side temperatures in
the Kelvin scale, respectively, and ZTavg is the average ZT value
over a temperature range from TH to TC.71 The rst 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.72

In order to optimize the ZT value, improvements in the
Seebeck coefficient and electrical conductivity, while reducing
thermal conductivity of solid compounds, are expected.3

Importantly, these thermoelectric parameters are profoundly
inuenced 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.73 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.3 Summary of thermoelectric performance achieved in GeTe-based materials.
Thermoelectric development history of (d) ZT values and (e) average ZT values.4–53 (f) ZTavg of high-performanceGeTe-alloys compared to that of
other thermoelectric materials.54–59
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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,74 resonant level75 and band attening76 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 rst-principles calculations on phonon
density of states and the phonon spectrum to identify suitable
defects.77 By implementing multi-scale phonon scattering
centers, the lattice thermal conductivity can be substantially
reduced, thereby boosting the ZT values.78,79

IV–VI semiconductor compounds such as GeTe, SnTe,54,80

PbTe,55 GeSe,81 SnSe,56 PbSe,82 skutterudites83,84 and Heusler85,86

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)x), which demonstrated a ZT value
exceeding 1.0.4 Since 2010, developments in physical theories
and advances in technology have led to a growing number of
GeTe derivatives with exceptional performance87 (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 signicant
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.88 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 Fm�3m and a lattice constant of 6.01 Å. 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.88 Crystal structures of (b) rhombohedral GeTe and (c) cubic GeTe. Primitive cells of (d) rhom-
bohedral GeTe and (e) cubic GeTe.89 (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)c reflection. (h) Temperature dependence of
diffraction diagrams showing the intensity as a function of d corresponding to (g).90 (i) Energy level diagram of a heteropolar compound XY. (j)
Orbital-resolved energy level diagram of cubic GeTe.67
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a-GeTe is in a space group of rhombohedral R3m (lattice
constants: a = b = 4.156 Å and c = 10.663 Å).91 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. Aer the
phase transition, there are three longer (3.15 Å) and three
shorter (2.83 Å) bonds among the six Ge–Te bonds in rhombo-
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).92,93 This phenomenon signicantly 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 4s2 lone pair on
the Ge atom, leading to a strong structural distortion near the
Ge atom.25 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.90 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*.94,95 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.96 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 WVB and WCB 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
(Eg) between the valence and conduction bands.97,98

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 spp and ppp 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 4s2 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 ns2

lone pair electrons more prone to being “quenched”, and thus the
tellurides PbTe and SnTe show a high symmetry structure of the
cubic phase.99–101 For elements in group 14, 2s2 lone pairs of C
atoms and 3s2 lone pairs of Si atoms tend to be stereochemically
expressed, while 5s2 lone pairs of Sn atoms and 6s2 lone pairs of
Pb atoms tend to be quenched to make the structure more
symmetrical.102 4s2 lone pairs of Ge atoms are in the middle
position, contributing to a rhombohedral phase and a cubic
Fig. 3 (a) Calculated Fermi surface of rhombohedral and cubic GeTe w
rhombohedral GeTe and (c) cubic GeTe.106 Calculated band structures in
states and partial density of states of (d) rhombohedral GeTe and (h) cu
(HOMO) projected along the high symmetric points for (f) rhombohedra

© 2025 The Author(s). Published by the Royal Society of Chemistry
phase transition. Various hypothetical bondingmechanisms have
been proposed to explain the Ge–Te bond and the existence of the
lone pair. M. Wuttig et al.103 redened 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.104 The Ge_4s2

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-
ith spin–orbital coupling (SOC).105 Calculated band structures for (b)
orbital details for (c) rhombohedral GeTe and (g) cubic GeTe. Density of
bic GeTe. Orbital weights for the highest occupied molecular orbital
l GeTe and (i) cubic GeTe.89

Chem. Sci., 2025, 16, 1617–1651 | 1621
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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.105,106 The band gap of rhombohedral GeTe is indirect,
with a value of about 0.47 eV. Because themajor carriers of GeTe
are holes, the valence band structure deserves more attention.
As shown in Fig. 3b, there are four points (L, Z, S, and h) close to
the Fermi level. The valence band maximum is located at the S

point. In contrast, the Fermi energy at the L band, Z point and h

point differs from the valence band maximum (S point) by
0.15 eV, 0.2 eV and 0.4 eV respectively.89 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 S band as the valence band
maximum. Meanwhile, 3 L and 1 Z gradually merge into a 4 L
(Nv = 4) and 6 S and 6 h gradually merge into 12 S (Nv = 12).25

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 S point. Aer the phase transition,
the energy difference between the L band and the S band is∼64
meV. Cubic GeTe, PbTe and SnTe have the same rock salt
Fig. 4 Phonon-dispersion relations for (a) rhombohedral GeTe and (b
rhombohedral and cubic GeTe at 300 K. (d) Group velocity (v) for rhom
thermal conductivity as a function of phonon MFP.30

1622 | Chem. Sci., 2025, 16, 1617–1651
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 S is ∼100 meV) due to the conver-
gence of the L and S bands at high temperatures.18,107 Therefore,
by inducing convergence between the L and S 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 inuence of molecular orbitals (Ge_4s2,
Ge_4p2, Te_5s2, and Te_5p4) with different orbital masses on
the band structure.89 Similar to the case of GeTe molecular
orbitals, Ge_4p2 and Te_5p4 occupy the lowest unoccupied
molecular orbitals and the highest occupied molecular orbitals,
while the Te_5s2 orbital mainly contributes to the subvalence
band energy level. The Ge_4s2 orbital exists at L and S points
and contributes to more orbital characters at the L point than at
the S point as shown in Fig. 3f and i. This accounts for the
higher energy in the L valence band. The stereochemically
“expressed” Ge_4s2 lone-pair electrons in rhombohedral phase
GeTe are related to the strong s–p orbital hybridization,
inducing a signicant distortion in the electron distribution.
With increasing temperature, the lone electron pair of Ge_4s2 is
quenched, reducing the effect on electron structural distortion
and leading to a high symmetry structure.99,108 At the same time,
the L band becomes the valence band maximum, which is
consistent with the ndings for the cubic PbTe and SnTe.
) cubic GeTe at 300 K.109 (c) Anharmonic scattering rates (SRs) for
bohedral and cubic GeTe at 300 K.23 (e) Normalized cumulative lattice

© 2025 The Author(s). Published by the Royal Society of Chemistry
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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
gure 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.109 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 G. 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 exural
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
so mode at the G 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 125Te 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.109

Fig. 4c shows the anharmonic scattering rates of rhombohedral
and cubic GeTe.23 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.110 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 2.6Wm−1 K−1 for rhombohedral GeTe at 300 K to 0.8Wm−1

K−1 for cubic GeTe at 700 K.111 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.112 This phenomenon can be ascribed to the
uctuation in bond length caused by the symmetry breaking
(cubic to rhombohedral GeTe), leading to uctuations in the inter-
atom force constant. Due to the relationship between the sound
velocity and the force constant

(vs f (F/M)1/2) (5)

where vs is the sound velocity, F is the force constant, and M is
the atomic mass, the sound velocity of rhombohedral GeTe
(∼2100 m s−1)113 is comparable to that of cubic SnTe (∼2070 m
s−1).114 The existence of the so mode in the phonon density of
© 2025 The Author(s). Published by the Royal Society of Chemistry
states in GeTe results in the lowmean free path of phonons. It is
also noted that the mean free path of phonons is calculated to
be 1–100 nm (Fig. 4e),30 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 (∼1021 cm−3), a low Seebeck
coefficient (∼30 mV K−1) and a moderate carrier mobility (∼50
cm2 V−1 s−1).18 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-Summereld
expansion:115

S ¼ p2

3

kB

q
ðkBTÞ

�
1

nðEÞ
dnðEÞ
dE

þ 1

mðEÞ
dmðEÞ
dE

�
(6)

where kB 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 ltering
since the second term (dm(E)/dE) of the equation is associated
with the scattering exponent (r). 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.
3.1 Modulation of the band structure

3.1.1 Band convergence. Band convergence, a type of
strategy that reduces energy differences (DE) 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,68,117

S ¼ 8p2kB
2

3eh2
m*

dT
�p
3n

�2=3
(7)

m*
d ¼ NV

2=3m*
b (8)

where kB is the Boltzmann constant, e is the electron charge, n is
the charge carrier concentration, m*

d is the density-of-states
effective mass, Nv is the valence band degeneracy, and m*

b 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 DE. As mentioned above, there is an energy gap
between the L band and S band in rhombohedral GeTe. By
introducing appropriate doping or alloying elements, DE can be
reduced, leading to improved band degeneracy and hence the
Seebeck coefficient (eqn (7) and (8)). Table 1 shows the band
Chem. Sci., 2025, 16, 1617–1651 | 1623
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Fig. 5 (a) Schematic view of the band degeneracy for better properties.77 (b) Calculated band structure of pristine GeTe, Ge0.92Bi0.08Te, and
Ge0.9Bi0.06Zn0.04Te. (c) Carrier concentration-dependent Seebeck coefficient for Ge1−xBixTe and Ge0.94−yBi0.06ZnyTe samples at 300 K.116 (d)
Schematic of symmetry reduction for better band degeneracy. (e) Density-of-states effective mass ðm*

dÞ versus the rhombohedral angle (a) for
GeTe-alloys at 300 K.72 (f) Power factor versus the rhombohedral angle (a) for GeTe-alloys at 300 K.51

Table 1 Electrical properties of GeTe samples with different dopants

Dopants Compositions DEL–S (eV) Smax (mV K−1) PFmax (mW cm−1 K−2) ZTmax

Bi47 Ge0.94Bi0.05Te 0.074 226.5 40 ∼1.7
Bi116 Ge0.92Bi0.08Te 0.13 238 27 ∼1.5
Bi–Zn116 Ge0.9Bi0.06Zn0.04Te 0.03 240 33 ∼2.0
Bi–Mg32 Ge0.94Mg0.04Bi0.06Te 0.06 254 54 2.5
Bi–Sb16 Ge0.85Bi0.05Sb0.1Te 0.151 208 ∼37 1.8
Pb118 Ge0.816Pb0.144Bi0.05Te 0.077 238 32.7 ∼2.0
Bi–Pb26 Ge0.87Pb0.13Te–3% Bi2Te3 0.08 275 35.2 ∼1.9
V119 Ge0.98V0.02Te 0 178 44 1.26
Cd120 Ge0.97Cd0.03Te 0.08 170 45 1.4
Ti121 Ge0.97Ti0.03Te 0.11 203 27 ∼1.2
Sb–Zn77 Ge0.86Sb0.1Zn0.04Te 0.01 247 39 2.3
Mn–Sb122 Ge0.85Mn0.05Sb0.08Te 0.09 205 33.61 1.67
Mn123 Ge0.94Mn0.06Te 0.01 110 28 0.55
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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 DE. 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.116 Fig. 5c shows the increased m*

d aer 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 S bands. This phenomenon offers a new insight
to increase the Nv. Li et al. successfully fabricated a series of
GeTe-based thermoelectric materials by regulating the contents
of Pb and Bi (Ge1−x−yPbxBiyTe). Ge0.86Pb0.1Bi0.04Te 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 Nv close to 16 in the intermediate
state, the density of states effective mass can be conspicuously
increased when themultiple 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.72 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.51

The optimal rhombohedral angle ranges from 88.5° to 89.0°,
with a corresponding m*

d of 1.2–1.9m0. 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 rst proposed in PbTe by Heremans
et al.75 By doping Tl, they reported a signicantly 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
Fig. 6 (a) Schematic view of the distortion of the band structure induc
Ge26In1Te27 and (c) r-Ge26Ga1Te27. (d) Temperature-dependent Seeb
dependent Seebeck coefficient at 300 K. (f) The temperature-dependen

© 2025 The Author(s). Published by the Royal Society of Chemistry
structure greatly increases the Seebeck coefficient without
sacricing 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.124

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 aer 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).23,27,124,125 For Ga doping, Zhang et al. found that the
grain boundary complexions were formed by Ga segregation or
Ga2Te3.46 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 so bond simultaneously,
leading to a high Seebeck coefficient and low lattice thermal
conductivity.126 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 shi and momentum offset (Fig. 7a). GeTe,
undergoing a phase transition near 700 K that breaks the
inversion symmetry, also exhibits the Rashba effect. In
ed by the resonant level. The total DOS and projected DOS for (b) r-
eck coefficient for Ge0.9−xInxSb0.1Te. (e) Hall carrier concentration-
t ZT value for In doped GeTe samples.23,27,124,125

Chem. Sci., 2025, 16, 1617–1651 | 1625
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Fig. 7 (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 Ge1−x−ySnxSbyTe at 300 K. Calculated band
structures of rhombohedral (c) Ge64Te64 and (d) Ge61Sn3Te64.30
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rhombohedral GeTe, the displacement of Te atoms from their
central positions enhances Rashba energy ER and momentum
offset k0. The energy dispersion relation near the extrema point
of spin-degenerate parabolic band can be described by the band
effective mass ðm*

bÞ approximation:

E�
�
~k
�
¼

ħ2
�
~k
�2

2m*
b

(9)

while the two spin-polarized bands are described by

E�
�
~k
�
¼

ħ2
�
~k
�2

2m*
b

� aR

���~k��� (10)

where E is the energy dispersion with the superscript ± repre-
senting the spin polarizations, k is the momentum, and aR is
the Rashba parameter:127

aR ¼ 2ER

k0
(11)

Notably, Hong et al. found that m*
d 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).30
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 benet the performance
modulation.

The formation energies of potential defects in GeTe,
including the antisite defect of Ge at the Te site (GeTe), the
antisite defect of Te at the Ge site (TeGe), the Te vacancy (VTe),
and the Ge vacancy (VGe), can be calculated using DFT. As
shown in Fig. 8a–d, VGe has the lowest defect formation energy
in both rhombohedral and cubic GeTe, indicating that the Ge
vacancy is the dominant defect in GeTe.129,130 According to the
defect reaction equation

O4V
00
Ge þGeðsÞ þ 2 hc; (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 1021 cm−3. 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 Ge64−xTe64 (x = 0, 1, 2 and 3), the Fermi level shis
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Schematic view of Ge vacancies in the GeTematrix. (b) DOS for rhombohedral Ge64−xTe64 with different amounts of Ge deficiencies.128

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.129
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towards the valence band with increasing x, supporting the
increased carrier concentration as well (Fig. 7b).128

The optimal carrier concentration for GeTe is determined to
be 1 − 2 × 1020 cm−3 by theoretical calculation and analysis.
Based on the previous studies, the methods for optimizing the
carrier concentration can be roughly classied 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,18,47 Sb,19,131 Sc,29 Y,132 etc., proved to be effective
donors (Fig. 9b), contributing to the improvement of the See-
beck coefficient and PF. For example, compared to the Ge2+

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 �!GeTe
Bi

�

Ge þ TeTe þ e
0

(13)

Sb �!GeTe
Sb

�

Ge þ TeTe þ e
0
; (14)

the hole concentration decreased from ∼8.72 × 1020 cm−3 for
pristine GeTe to ∼1 × 1020 cm−3 for the Ge0.92Bi0.08Te sample
and ∼2.38 × 1020 cm−3 for the Ge0.9Sb0.1Te sample at 300 K
(Fig. 9b). The Seebeck coefficient increases from ∼30 mV K−1 for
the un-doped GeTe sample to∼160 mV K−1 for the Ge0.92Bi0.08Te
sample at 300 K.18,91 As for Sc doping, the hole concentration
decreased from ∼8.6 × 1020 cm−3 for pristine GeTe to ∼3.2 ×

1020 cm−3 and ∼2.1 × 1020 cm−3 for the Ge0.98Sc0.02Te sample
and the Ge0.94Sc0.06Te sample, respectively. The Seebeck coef-
cient increases from 36.6 to 86.1 mV K−1. 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.29 By Sc and Y doping, negligible variations in
m*

d are observed, but the carrier mobility shows an upward
trend; for Bi and Sb doping, m*

d 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,113 namely (GeTe)1−x(PbSe)x, 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)1−x(PbSe)x samples
gradually increased from 0.5 eV 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)1−x(PbSe)x samples was reduced from 7.8 × 1020 cm−3 (x
= 0) to 0.8 × 1020 cm−3 (x = 0.4) as shown in Fig. 9e. Basically,
compared to Ge2+ (0.76 nm) and Te2− (2.21 nm), the ionic radius
of Pb2+ is larger (1.13 nm), while the anion radius of Se2− 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 Sb2Te3 is similar to that of PbSe. Considering the valence
state and substitution of additive Sb3+, the reduced carrier
concentration cannot be attributed to the donor effect. The
defect reaction equation is shown as follows:

Sb2Te3 ��!3GeTe
2Sb

�

Ge þ V
00
Ge þ 3TeTe (15)
Chem. Sci., 2025, 16, 1617–1651 | 1627
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Fig. 9 (a) Schematic view of the donor dopingmethod for reducing the carrier concentration. Hall carrier concentration-dependent (b) Seebeck
coefficient and (c) carrier mobility at 300 K for Bi-doped,18,47 Sb-doped,19,131 Sc-doped29 and Y-doped132 GeTe samples. (d) The defect formation
energy of different point defects for pristine GeTe, (GeTe)1−x(PbSe)x, and Ge1−xSb2/3xTe. The inset image shows the schematic view of the
improved defect formation energy for decreasing carrier concentration. Hall carrier concentration-dependent (e) Seebeck coefficient and (f)
carrier mobility at 300 K for (GeTe)1−x(PbSe)x,113 Ge1−xSb2/3xTe24 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-doped51 and Ge self-
doped GeTe samples.28
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DFT calculation results provide evidence for increased
formation energy of Ge vacancies, accounting for the reduced
carrier concentration.24 Fig. 9f indicates the deteriorated carrier
mobility with an increasing doping level due to the introduction
of a number of extrinsic atoms.

Thirdly, lattice plainication is also effective in optimizing the
carrier concentration and improving carrier mobility (Fig. 9g). In
GeTe, Cu doping or Cu2Te alloying is considered popular. By
alloying only 1.5% Cu2Te, the carrier concentration in GeTe is
reduced from ∼8 × 1020 cm−3 to ∼2 × 1020 cm−3 and the carrier
mobility is increased to over 130 cm2 V−1 s−1 as shown in Fig. 9h
and i. To unveil the mechanism, Bu et al. carried out DFT
calculations,51 which suggested that the GeTe–Cu2Te 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 rell the vacancy. To
suppress the Ge deciency, Dong et al.28 optimized the amount of
excessive Ge (Ge1+xTe) by mechanical alloying combined with
spark plasma sintering, and a reduction in the carrier concen-
tration from 8 × 1020 cm−3 to ∼3 × 1020 cm−3 was achieved. A
high Seebeck coefficient value of more than 60 mV K−1 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 cm2 V−1 s−1. Therefore, a high PF
close to ∼24 mW cm−1 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.133 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:

2AgCuTeþ 2GeGe þGe/2Ag
�

Ge þGeTeþ Cu2Teþ 2e
0

(16)

The carrier concentration decreased from ∼2.8 × 1020 cm−3

to ∼1.0 × 1020 cm−3 at 300 K. The Seebeck coefficient increased
from 86.29 mV K−1 to 167.68 mV K−1 at 300 K. A high power factor
of 18.58 mW cm−1 K−2 was achieved. Yin et al.134 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 cm2 V−1 s−1, compared to the
value of about 40 cm2 V−1 s−1 in pristine GeTe.
3.3 Other strategies

3.3.1 Energy ltering effect. The energy ltering effect can
effectively improve the electrical transport properties of ther-
moelectric materials.135 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
Fig. 10 (a) Schematic view of blocking parts of carriers by introducing
between boron and GeTe. (c) Hall carrier concentration-dependent See
dependent power factor for boron-added samples. Temperature-dep
Ge36.96Te50 (TAGS-85) with and without Dy doping.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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:135

(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 satised, the correct barrier height can be ensured, which
can effectively scatter low-energy charge carriers. Jiang et al.47

optimized carrier scattering in GeTe samples by introducing
boron inclusions (Fig. 10b). The S ∼ nH relationship of the
boron-added samples exhibited deviations from the Pisarenco
curves, which was attributed to the enhanced scattering factors
aer adding boron, indicating that boron/GeTe heterogeneous
interfaces proved to be effective in carrier scattering as shown in
Fig. 10c. This phenomenon signicantly improved both the
Seebeck coefficient and the power factor (PF). The Seebeck
coefficient was improved from ∼83.14 mV K−1 for the pristine
sample to ∼97.3 mV K−1 for samples incorporated with 0.4 wt%
boron at room temperature. The power factor was improved to
25.4 mW cm−1 K−2 at room temperature and reached 47.7
mW cm−1 K−2 at 573 K (Fig. 10d). This effect helps prevent
a signicant decrease in electrical conductivity while promoting
inclusions. (b) Schematic view of potential barriers at the interfaces
beck coefficient at 300 K for boron-added samples. (d) Temperature-
endent (e) Seebeck coefficient and (f) power factor of Ag6.52Sb6.52-
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an increase in the Seebeck coefficient, ultimately aiming to
enhance the power factor. Levin et al.10 found that the increased
Seebeck coefficient in Dy-doped Ag6.52Sb6.52Ge36.96Te50
(acronym TAGS-85), one of the GeTe derivatives alloyed with
AgSbTe2 ((GeTe)x(AgSbTe2)100−x), could also be ascribed to the
energy ltering effect. The results of X-ray diffraction and 125Te
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 mV K−1 for the TAGS-85 sample to
∼96 mV K−1 for TAGS-85 doped with a 1% Dy sample at room
temperature (Fig. 10e). The power factor was improved to 16
mW cm−1 K−2 at room temperature and reached 35 mW cm−1

K−2 at 540 K (Fig. 10f).
3.3.2 Directional defect evolution. Due to the signicant

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.129 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
Fig. 11 (a and b) SEM and (c and d) BSE images for GeTe ingots annea
concentration and carrier mobility for GeTe samples annealed at 773 a
pristine and annealed GeTe samples.129 (g) The schematic diagram pr
compounds with the presence of hierarchical structures. (h) Hall carrier
Ge0.97−xTe-873 samples at room temperature. (i) Temperature-dependen

1630 | Chem. Sci., 2025, 16, 1617–1651
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 × 1020 to ∼3 × 1020 cm−3 aer annealing for 2 days
at 623 K, and this value was maintained aer 7-day annealing.
The Seebeck coefficient increased from 30 mV K−1 to 70 mV K−1 at
300 K, while PF values increased from ∼7 mW cm−1 K−2 to
∼27.5 mW cm−1 K−2 at 300 K (Fig. 11f). Surprisingly, the
carrier mobility was elevated to an extremely high value of
150 cm2 V−1 s−1. 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 aer 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.39 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 Bi0.07Ge0.90Te-873
reached 55.4 cm2 V−1 s−1, while a lower result of 41.1 cm2 V−1

s−1 was obtained for Bi0.07Ge0.90Te-723 as shown in Fig. 11h.
led at different temperatures, respectively. (e) The evolution of carrier
nd 623 K, respectively. (f) Temperature-dependent power factor for
esenting the behaviors of carriers and phonons in the GeTe-based
concentration and carrier mobility for the BixGe0.97−xTe-723 and Bix-
t power factor for BixGe0.97−xTe-723 and BixGe0.97−xTe-873 samples.39

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Effect of different dopants on GeTe (units of PF at 300 K: mW cm−1 K−2)

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)
V 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 md Slightly increased Decreased — ∼15 (ref. 136)
Ag Improved md Decreased Increased Decreased <5 (ref. 137)
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Fig. 11e shows that a high PF of 45 mW cm−1 K−2 was obtained at
648 K for the Bi0.07Ge0.90Te-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
Fig. 12 The weighted mobility for (a) Bi-doped18,116,141,142 and (b) Cu-do
alloying or doping concentration. (d) Contour plot representation of the
angle (interaxial angle) a and Hall carrier concentration nH.29

© 2025 The Author(s). Published by the Royal Society of Chemistry
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:3

s ¼ nem ¼ ne2sc
	
m*

c (17)

m is proportional to the carrier relaxation time (sc) and inversely
proportional to carrier effective mass ðm*

cÞ, which is related to
ped51,52,143 GeTe samples. (c) Rhombohedral angle a as a function of
room-temperature power factor as a function of the rhombohedral
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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.138 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.139,140 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:138

mw zm0



m*

me

�3=2

(18)

where m0 is the dra mobility, m* is the density-of-states effec-
tive mass and me 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
power factor was achieved in these samples as shown in Table 2
Fig. 13 (a) Schematic diagram of p-type GeTe conversion to n-type.146 Co
Seebeck coefficient with the AgBiSe2 concentration in (GeTe)100−x(AgBi
representative n-type GeTe-based thermoelectric materials.147

1632 | Chem. Sci., 2025, 16, 1617–1651
(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).29 This is attributed to the
fact that the rhombohedral angle reects 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.,72 corresponding to the variation of
temperature-dependent DE between L and S bands. Therefore,
it is imperative to consider the rhombohedral angle while
selecting suitable dopants and their content; this helps
mpositional variation of (b) band gap, (c) electrical conductivity, and (d)
Se2)x (x = 0–50) at room temperature. (e) Comparison of S2s of some

© 2025 The Author(s). Published by the Royal Society of Chemistry
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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 GeTe144,145 (Fig. 13a). Samanta et al.147 reported
a high ZT value of ∼0.6 at 500 K in n-type GeTe by alloying
AgBiSe2 ((GeTe)100−x(AgBiSe2)x). It shows two distinct regions in
the compositional variation dependent band gap, electrical
conductivity and Seebeck coefficient. By increasing the AgBiSe2
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 rst due to the reduced hole concentration and starts to
increase slightly with the increasing AgBiSe2 concentration
(Fig. 13c). The Seebeck coefficient starts to increase from ∼34
mV K−1 to ∼392 mV K−1 up to x = 25, followed by a sudden
change to−278 mV K−1 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 AgBiSe2, the Bi3+ substi-
tution for Ge2+ strongly contributes to the conduction band
edge states. Wang et al.146 reported that by reducing the
formation energy of Te vacancies via AgBiTe2 alloying, the
electron concentration was optimized, boosting the power
factor to 6.2 mW cm−1 K−2. 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.
Fig. 14 Microstructure engineering for reducing lattice thermal conducti
GeTe.

© 2025 The Author(s). Published by the Royal Society of Chemistry
4. Lowering lattice thermal
conductivity

In addition to optimization of electrical transport performance,
regulating thermal conductivity is also important for enhancing
ZT values.148 In GeTe, the total thermal conductivity can be
described as:

k = kL + ke (19)

The electronic thermal conductivity was calculated using the
Wiedemann–Franz law:149,150

ke = sLT (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 benecial
for optimizing the thermoelectric performance of GeTe mate-
rials. The mechanisms of phonon scattering mainly involve
phonon–phonon scattering (umklapp processes151), point
defect scattering (zero-dimension (0D) defects152,153), dislocation
scattering (one-dimension (1D) defects154), interface scattering
(two-dimension (2D) defects155), and precipitate scattering
(three-dimension (3D) defects156,157) (Fig. 14). The lattice
thermal conductivity can be described in the form of relaxation
time:158,159
vity. Schematic view for different types of phonon scattering sources in
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kL ¼ 1

3

ðqD=T
0

vs
2stotðzÞCðzÞdz

¼ kB

2p2vs



kBT

ħ

�3 ðqD
0

stotðzÞ z4ez

ðez � 1Þ2 dz (21)

where ns is the average sound speed, ħ is the reduced Planck
constant, qD is the Debye temperature, z = ħu/kBT, representing
the reduced phonon frequency (u denotes the phonon
frequency), and stot is the total relaxation time that is further
described as:

stot
−1 = sU

−1 + sGB
−1 + sDB

−1 + sPD
−1

+ sPV
−1 + sSF

−1 + sD
−1 + sNP

−1 + / (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 oen 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-
Fig. 15 Summary of reported minimum lattice thermal conductivity i
Se0.05S0.05,17 Ge0.84Pb0.025Sn0.025Sb0.11Te,45 Ge0.888Sb0.1In0.012Te,23 Ge
Bi0.04Te,25 (GeTe)0.73(PbSe)0.27,113 Ge0.76Sb0.08Pb0.12Te
(Ge0.84Sb0.06Pb0.1Te)0.99(AgCuTe)0.01,160 Sn1/3Ge1/3Pb1/3Te–18% MnTe,1

(GeTe)0.94(CuBiSe2)0.06,163 Ge0.86Pb0.09Bi0.03Ce0.005Te,164 (Ge0.84Cd0.06Pb
20% CuSbSe2,49 Ge0.63Mn0.15Pb0.1Sb0.06Cd0.06Te,36 (Ge0.9Sb0.1Te)0.9(SnSe

1634 | Chem. Sci., 2025, 16, 1617–1651
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:167,168

sPD
�1 ¼ Vu4

4p3n3
�
X

ð1� xiÞ
"


Mi �M

M

�2

þ 3
�ai � a

a

�2#
(23)

where n is the Poisson ratio, �V is the average atomic volume, �M
is the average atomic mass, and 3 is the phenomenological
parameter. The intensity of point defect scattering can be esti-
mated using the mass scattering parameter (GM) and strain
scattering parameter (GS). The scattering parameters can be
described as

GM ¼
X

ð1� xiÞ


Mi �M

M

�2

(24)

and55

GS ¼
X

ð1� xiÞ3
�ai � a

a

�2
(25)

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
n Ge0.9Sb0.1Te,19 Ge0.98In0.02Te,125 Ge0.935Bi0.065Te,18 Ge0.9Sb0.1Te0.9-

0.93Ti0.01Bi0.06Te–Cu0.01,134 Ge0.82Pb0.1Bi0.04Mn0.04Te,37 Ge0.86Pb0.1-
,21 Ge0.9Sb0.1Te0.86Se0.14,19 Ge0.89Cr0.03Sb0.08Te,128
61 Ge0.4Sn0.4Bi0.02Sb0.12Te,162 Ge0.9Cd0.05Bi0.05Te,22 Ge0.87Pb0.13Te,11

0.1Te)0.99(Cu2Te)0.01,50 GeTe–1.5% Cu2Te–2% BiTe–8% PbTe,51 GeTe–
)0.025(SnS)0.025,165 and Ge0.61Ag0.11Sb0.13Pb0.12Bi0.01Te.38
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Fig. 16 (a) The schematic view for point defects. The mass fluctuation and strain field fluctuation of dopants in GeTe: (b) dopants at the cation
site and (c) dopants at the anion site. (d) The lattice thermal conductivity of GeTe-based compounds doped with typical
elements.18,19,22,29,30,121,123,125,128,132,137. (e1) Calculated composition-dependent GM and GS of Ge0.95Bi0.05Te1−xSex as a function of Se content. (e2)
Predicted composition-dependent lattice thermal conductivity of Ge0.95Bi0.05Te1−xSex at 723 K.166 (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.164 (g) Lattice
thermal conductivity as a function of DS for GeTe-based alloys at room temperature.36 (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: Ge0.88 Pb0.12Te, S3: Ge0.89Ag0.11Te, S4: Ge0.87Sb0.13Te, S5: Ge0.77Ag0.11Pb0.12Te, S6: Ge0.75Sb0.13Pb0.12Te, S7: Ge0.74Ag0.11Sb0.13Te, S8:
Ge0.62Ag0.11Sb0.13Pb0.12Te, S9: Ge0.61Ag0.11Sb0.13Pb0.12Bi0.01Te, S10: Ge0.61Ag0.11Sb0.13Pb0.12Bi0.01Cu0.003Te, S11: Ge0.56Ag0.11Sb0.13Pb0.12Cd0.05-
Bi0.01Te, S12: Ge0.56Ag0.11Sb0.13Pb0.12Mn0.05Bi0.01Te, and S13: Ge0.56Ag0.11Sb0.13Pb0.12Sn0.05Bi0.01Te).38
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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.136 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.169 synthesized a Ge-decient Zr0.005Ge0.98Te
© 2025 The Author(s). Published by the Royal Society of Chemistry
sample and stoichiometric Zr0.02Ge0.98Te sample and found
that lower lattice thermal conductivity was achieved in the Ge-
decient sample rather than in its stoichiometric counterpart
over the whole measured temperature range. They believed that
Ge deciency-induced vacancy domains could create a barrier to
hinder the ow of heat-carrying phonons. In converse, Dong
et al.28 used excess Ge (Ge1+xTe) 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
Chem. Sci., 2025, 16, 1617–1651 | 1635
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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.166 further
introduced Se into the GeTe lattice (Ge0.95Bi0.05Te1−xSex).
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 ∼1.02 Wm−1 K−1

to ∼0.65 W m−1 K−1 at 723 K. In addition, the lattice thermal
conductivity was reduced to 1.4 W m−1 K−1 by Sb doping in the
research by Li et al.19 Further Se doping reduced the lattice
thermal conductivity to 0.8 Wm−1 K−1. Furthermore, by doping
various elements into the cationic sites, mass and strain uc-
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 uctuations, 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 signicant 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 shis optical branches into lower frequency
ranges. Also, dopants can atten 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).164 It is evident that sound velocity
decreases signicantly aer doping; such changes impede
phonon transport, ultimately leading to a great reduction in
lattice thermal conductivity. Moreover, Mn doping not only
introduces mass uctuations but also generates a strain eld
serving as a scattering center for phonons. Meanwhile, Mn
dopants can soen chemical bonds, reducing phonon group
velocity, further lowering lattice thermal conductivity.122,123

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

DS ¼ �NAkB
Xn
i¼1

xilnðxiÞ (26)

where NA is Avogadro's number and xi is the composition of
each element.170
1636 | Chem. Sci., 2025, 16, 1617–1651
As shown in Fig. 16g, the relationship between congura-
tional entropy and lattice thermal conductivity of samples was
summarized.36 It is observed that with the congurational
entropy of samples increasing, lattice thermal conductivity
shows a decreased tendency. Large DS 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.36 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−1 K−1 approaching the
amorphous limit in GeTe. Jiang et al.38 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 uctu-
ations, the lattice thermal conductivity depressed to an ultralow
value of ∼0.3 W m−1 K−1 in the overall testing temperature
range. An extremely high ZT value of 2.7 is achieved in
a Ge0.61Ag0.11Sb0.13Pb0.12Bi0.01Te 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 oen
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.172,173 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.55 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:174
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 (a) 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 quantummodel of phonon–dislocation interaction left the quasi-phonon with a finite
lifetime. The calculated phonon spectra (f) with and (g) without a dislocation.171 (h) The TEM image showing the dislocation in (Ge0.84Sb0.06-
Pb0.1Te)0.99(AgCuTe)0.01.160 (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.39
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sds
−1 = sDC

−1 + sDS
−1 (27)

sDC
�1 ¼ ND

Va
4=3

na2
u3 (28)

sDS
�1 ¼ 0:6BD

2NDg
2u

"
1

2
þ 1

24



1� 2n

1� n

� 
1þ

ffiffiffi
2

p 

nl

nt

�2
!#

(29)

where n is the Poisson ratio, BD is the Buckers vector, ND is the
density of dislocations, vl is the longitudinal sound velocity, vt is
the transverse sound velocity, and va is the average sound
velocity. In addition, as shown in Fig. 17c–e, Li et al.171

demonstrated that in the classic dynamic model of dislocation–
phonon scattering, the scattering process shows that disloca-
tion absorbs an incoming phonon uk and re-emits another
phonon u

0
k; in phonon renormalization, due to the long-range

eld of the dislocation, a phonon interacts with the disloca-
tion even far away from the core region. The weakly interacting
quasi-phonons are le with a renormalized energy Ek and
a nite lifetime Gk. As shown in Fig. 17f and g, a 30 × 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 shi, 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 signicant
impact on phonon propagation, thereby reducing lattice
thermal conductivity. Wu et al.160 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−1

K−1. Jiang et al.39 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−1 K−1.

4.3. 2D defects

Two-dimensional defects primarily enhance the scattering of
low-frequency andmid-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–
Chem. Sci., 2025, 16, 1617–1651 | 1637
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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.179 The temperature-dependent (e) lattice
thermal conductivity and (f) ZT values.53 (g) TEM image of Ge9Sb2Te11.91 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.180 (i) HAADF-STEM image showing the atomic configuration in Ge0.89Cr0.03Sb0.08Te. Repro-
duced with permission.128
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Petch relationship and enhance the low-frequency phonon
scattering. The relaxation time is shown as follows:

sGB
�1 ¼ va

G
(30)

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.33 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.
1638 | Chem. Sci., 2025, 16, 1617–1651
Domain walls in ferroelectric materials are considered
a promising avenue for modulating electrical, optical,
magnetic, optical and thermal properties.175–177 These domain
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,178 manifesting the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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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 eld forces during the transition process
from the high-temperature cubic phase to the room-
temperature rhombohedral phase—specically induced by
Peierls-distorted bonds. Wu et al.26 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 W m−1 K−1 to 0.78 W m−1 K−1

and the ZT value increased from 2.0 to 2.4 aer heat treatment.
To uncover the underlying mechanism, they used in situ

transmission electron microscopy to examine the van der Waals
gap.179 Morphologically, a complex hierarchical microdomain–
nanodomain-gap structure was observed as shown in Fig. 18b.
These negatively charged nanoscale domain walls balance the
electric eld 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:

sDB
�1 ¼ A

va

d1
(31)

and

sPV
�1 ¼ B

va

d2
(32)

where prefactors A and B are tting parameters containing the
information of scattering efficacy of different planar bound-
aries and their surrounding strain cores and d1 and d2 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 eld 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 eld) 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, enoughmechanical 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 aer the phase transition at elevated
© 2025 The Author(s). Published by the Royal Society of Chemistry
temperatures. Therefore, the work focused on van der Waals
gaps (planar vacancies) was carried out.

In a recent study by Yu et al.,53 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 Grüneisen 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 Ge9Sb2Te11.91, high concentrations of planar vacancies
embedded in the matrix were discovered, which are parallel to
either (003) or (0�11) directions.180 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 Bi2Te3 or Sb2Te3
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.22 In addition,
observations from (Cr, Sb) doped GeTe samples revealed
a seven-atomic-layered lattice.128 The formation of this type of
structure can be ascribed to the layer-structured GeSb2Te4
(Fig. 18i). The authors suggested that Cr doping could lower the
formation energy of GeSb2Te4, 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 eld, 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:181

sNP
�1 ¼ v

2
4ð2p RÞ�1 þ

 
p R2 4

9



DD

D

�2

uR

v

�4
!�135�1

Np (33)

where R is the average radius for the precipitates, D is the matrix
density,DD is the density difference between the precipitate and
matrix, and Np is the number density of precipitates, respec-
tively. Si et al.182 successfully reduced the lattice thermal
conductivity by adding multi-walled carbon nanotubes
(MWCNTs). The TEM bright eld image showed the structure of
the matrix and MWCNTs 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. 19c). The total thermal conductivity drops from
∼2.3 W m−1 K−1 for Ge0.95Bi0.05Te to ∼1.8 W m−1 K−1 for
Ge0.95Bi0.05Te – 2 mass% MWCNTs at 323 K. Due to the negli-
gible effect on carrier transport, the electronic thermal
conductivity was hardly changed aer incorporating MWCNTs.
Chem. Sci., 2025, 16, 1617–1651 | 1639
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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 Ge0.95Bi0.05Te – y mass% MWCNTs. (e) The STEM and corresponding EDS images. (f) The diffraction spots of the Cu2Te 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, kL: W m−1 K−1, s:
103 S cm−1, and S: mV K−1)

Samples k kL s S ZTmax

MWCNTs/Ge0.95Bi0.05Te
182 0.2 wt% ∼1.8 ∼0.3 ∼2.8 ∼87 ∼2.3

× ∼2.3 ∼0.7 ∼2.8 ∼87 ∼2.0
Cu2Te/Ge0.84Cd0.06Pb0.10Te

50 0.1 mol ∼1.24 ∼0.86 ∼0.74 ∼154 ∼2.22
× ∼2.37 ∼0.9 ∼2.36 ∼73 ∼1.9

Ga/Ge0.9Sb0.1Te
46 1 at% ∼1.53 ∼1.14 ∼0.75 ∼146 1.97

× ∼1.60 ∼1.21 ∼0.70 ∼130 ∼1.74
FeGe2/Ge0.875Sb0.08Te

183 1.5% ∼1.83 ∼0.9 ∼1.65 ∼106 ∼2.1
× ∼2.42 ∼1.42 ∼1.71 ∼92 ∼1.8

Fe/Ge0.96Bi0.06Te
184 2 mol% ∼2.71 ∼1.46 ∼1.99 ∼74 1.68

× 3.09 ∼1.62 ∼2.33 ∼71 1.53
Ge0.84Pb0.1Sb0.06TeB0.07 (ref. 33) 7 mol% — — — — 2.2
FeTe2/Ge0.9Sb0.1Te

185 1.0% ∼1.45 ∼1.04 ∼0.83 ∼143 2.1
B/Ge0.94Bi0.05Te

47 0.1 wt% 2.47 0.73 2.99 92.16 2.45
Ge0.78Ga0.01Pb0.1Sb0.07Te

46 — ∼1.3 0.8 ∼1.15 ∼120 2.1
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As a result, the lattice thermal conductivity decreased from
∼0.7 W m−1 K−1 for Ge0.95Bi0.05Te to ∼0.3 W m−1 K−1 for
Ge0.95Bi0.05Te – 2 mass% MWCNTs at 323 K as shown in
Fig. 19d. Zhu et al.50 discovered that by incorporating Cu2Te into
Ge0.84Cd0.06Pb0.10Te, a coherent nano-network across multiple
phases was constructed as shown in Fig. 19e. There were PbTe
and Cu2Te 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 Cu2Te.
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−1 K−1. Table 3 shows the effect of different nanoinclusions/
inclusions on transport properties, indicating that the
composite strategy is also a promising method for optimizing
thermoelectric performance of GeTe.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 20 Logical framework for the full-parameter optimization of a thermoelectric power generation module.186
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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. 20.186 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.71,111
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 ow, 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.187,188 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 Th = 723 K, while the simulated hmax

reaches 15.9% when x = 0.66 and I = 7.05 A. The conversion
efficiency reached 9.5% for the segmented GeTe/(Bi,Sb)2Te3
thermoelectric leg.187 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 (Ap/An) and
the ratio of the height to the total cross-sectional area (H/Apn).
The simulated conversion efficiency reached 13.7%.188 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/Apn would benet the conversion efficiency
because a large H ensures an increased DT over the thermo-
electric leg. By contrast, output power density decreases with
increasing H/Apn, 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.38 conducted preparation and
testing on modules with varying length ratios using p-type GeTe
and n-type PbTe with the low temperature part of Bi2Te3-based
thermoelectric materials. The module labeled as 11 consisted of
uniform legs of Ge0.61Ag0.11Sb0.13Pb0.12Bi0.01Te and Pb0.997-
In0.003Te0.996I0.004 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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Fig. 21 (a) Schematic diagram of a segmented GeTe/(Bi,Sb)2Te3 thermoelectric leg. (b and c) Contour map of power density (Pd) and efficiency
(h) when Th = 723 K and Tc = 303 K.187 (d) Schematic illustration of p-GeTe and n-SKD modules. Simulated (e) Pd and (f) hmax for the GeTe/SKD
module when Th = 873 K and Tc = 293 K.188 (g) h–I relationship of GeTe/(Bi,Sb)2Te3 segmented one-leg TE modules. (h) h of the module as
a function of the current I at different operating temperatures. (i) Conversion efficiencies for the fabricated 11, 7 : 3, 8 : 3, and 9 : 3 modules.38
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legs, coupled with p-type Bi0.5Sb1.5Te3 and n-type Bi2Te2.7Se0.3,
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 signicant 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.189 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 rst 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 mm. Furthermore, it is crucial to consider the work
function difference as it can inuence 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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Fig. 22 (a) Microstructures of typical interfaces between GeTe and 12 kinds of pure metals (Cr, Hf, Nb, Ti, Mo, Ni, Ta, Zr, Al, Co, V, and Fe). The
central image shows the schematic map of the sample integrating different interfaces.189 (b) Thickness of reaction layers between GeTe and
different pure metals. (c) Work function and linear expansivity of GeTe and some metals as metallization layers.
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depicted in Fig. 22c, Pei et al.187 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 mm. 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 × 10−6 K−1) and cubic GeTe (23.4 × 10−6 K−1) differ
signicantly.111Consequently, 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
rst 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.187 summarized
data about linear thermal expansion for GeTe materials and
various metals, providing a screening for selection of proper
diffusion barrier materials (Fig. 22c). Li et al.33 found that there is
a good match between the thermal expansion coefficients of
Ge0.9Sb0.1TeB0.01 and Al66Si34 alloys over a wide temperature
range. While Al possesses a high thermal expansion coefficient,
Si exhibits a lower one; thus, an Al66Si34 alloy was chosen as the
diffusion barrier material whose thermal expansion coefficient
may be comparable to that of GeTe. A diffusion layer with 10 mm
© 2025 The Author(s). Published by the Royal Society of Chemistry
thickness exists between Al66Si34 alloy and GeTe, accompanied
by a contact resistance of ∼20.7 mU cm2.

As shown in Fig. 23, some materials that can serve as excel-
lent diffusion barrier layers are summarized. Bu et al.34 used
SnTe as the diffusion barrier material and Ag as the electrode,
achieving a remarkably low contact resistance of∼8 mU cm2 and
attaining an efficiency of 14% for single-leg devices. Fig. 23a
shows the single-leg device prepared from (Ge0.98Cu0.04-
Te)0.88(PbSe)0.12. 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 mU
with a low interfacial contact resistivity of only ∼8 mU cm2. Xing
et al.189 reported Mo as the diffusion barrier material generating
an impressively low contact resistance of less than 1 mU cm2

(Fig. 23c). SEM and EDS analyses revealed excellent interfacial
integrity along with minimal diffusion layers present in these
congurations as shown in Fig. 23d. The contact resistance
measurement indicates an extremely low value of <1 mU cm2

(Fig. 23e). Additionally, Xie et al.'s investigation188 identied
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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Fig. 23 (a) Experimental setup for the device efficiency measurement. (b) EDS mapping of the contacts. (c) Room-temperature contact
resistance using a line scanning technique.34 (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.189 (f) Calculated phase
equilibria diagrams (PEDs) at 0 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.188 (i) The interfacial contact resistivity in GeTe devices.190.
(j) Interfacial contact resistivity of NiGe, FeGe2, Mo, Ti, Al66Si34, 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.188

Fig. 24 (a) Compressive strength and (b) Vickers hardness of Ge0.9Sb0.1TeBx. (c) Temperature dependence of relative length variation (dL/L0).33

(d) Comparison of room-temperature Vickers microhardness Hv. (e) Comparison of compressive tests of GeTe and some other typical brittle
thermoelectric materials.50 (f) Comparison of the shear strength of the segmented legs and some joints.190

1644 | Chem. Sci., 2025, 16, 1617–1651 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Performance of single-leg GeTe-based devices

Materials Barrier/electrode Pmax (W) hmax (%) DT (K)

Ge0.93Bi0.06In0.01Te
27 Fe/Ag 0.55 12.3 445

(Pb0.15Ge0.85Te)0.8(AgSbTe2)0.2 (ref. 42) SnTe/Fe 0.165 14.8 500
0.9GeTe–0.03CuBiSe2–0.07PbTe

192 SnTe/InGa 0.08 13.4 500
Bi0.07Ge0.90Te

39 Mo/InGa 0.14 11.0 498
Bi0.05Ge0.99Te/(Bi,Sb)2Te3 (ref. 187) GeTe/Ti/Cu, (Bi,Sb)2Te3/Ni/Cu — 9.5 423
Ge0.87Y0.02Sb0.10Ag0.01Te

43 SnTe/Fe 0.2 13.4 463
B-Bi0.05Ge0.94Te/Bi0.4Sb1.6Te3.01 (ref. 47) GeTe/Ti/Cu, (Bi,Sb)2Te3/Ni/Cu 0.186 13.7 456
Ge0.76Pb0.10Bi0.06Sb0.04Te/(Bi0.4Sb1.6Te3)0.97(MgB2)0.03 (ref. 190) — ∼0.095 15.5 450
Ge0.9Sb0.1Te/Bi0.5Sb1.5Te3 (ref. 193) Ag/GeTe/(Bi,Sb)2Te3/Ni ∼0.077 13.6 493
(Ge0.98Cu0.04Te)0.88(PbSe)0.12 (ref. 34) SnTe/Ag ∼0.13 ∼14 440
Ge0.93Ti0.01Bi0.06Te–0.01Cu

134 Mo/Ni ∼0.04 10.5 423
Ge0.94Bi0.06Te/Bi0.5Sb1.5Te3 — — 10.3 419

Table 5 Performance of GeTe-based modules

p-Type materials n-Type materials Pairs Pmax (W) hmax (%) DT (K)

Ge0.92Sb0.04Bi0.04Te0.95Se0.05 (ref. 189) Yb0.3Co4Sb12 8 2 7.8 500
Ge0.84Pb0.1Sb0.06TeB0.07 (ref. 33) Yb0.3Co4Sb12 4 1.3 5.64 425
Ge0.84Pb0.1Sb0.06TeB0.07 (ref. 33) Yb0.3Co4Sb12 9 9.2 7.4 477
Ge0.92Bi0.08Te0.92I0.08 (ref. 194) Yb0.075CoSb3 8 1.2 12 500
(Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01 (ref. 50) Yb0.3Co4Sb12 7 0.4 7 400
Ge0.89Cu0.06Sb0.08Te

188 Yb0.3Co4Sb12 8 4.0 12 545
Ge0.78Ga0.01Pb0.1Sb0.07Te

46 Yb0.3Co4Sb12 18 7.86 5.85 476
(Pb0.15Ge0.85Te)0.8(AgSbTe2)0.2 (ref. 42) Mg3.15Co0.05Sb1.24Bi0.75Se0.01 — 0.78 14.5 480
Ge0.83Mn0.09Ti0.02Bi0.06Te

195 Multi-segmented Mg3(Sb, Bi)2 1 0.38 12.8 480
(Ge0.84Sb0.06Pb0.1Te)0.99(AgCuTe)0.01 (ref. 160) PbTe-based material 17 1.93 7.9 500
Ge0.61Ag0.11Sb0.13Pb0.12Bi0.01Te

38 Pb0.997In0.003Te0.996I0.004 — 3.5 13.3 500
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illustrated in Fig. 23g and h. As a result, a low interfacial contact
resistivity at the GeTe/NiGe interface of∼1 mU cm2 was acquired
and remained below 3 mU cm2 aer 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 Ge0.63Mn0.15Pb0.1Sb0.06Cd0.06Te
compared to 134 Hv for the pristine sample.36 In addition, the
phase transition temperature was reduced to near room
temperature. On the other hand, Zhang et al.33 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
aer the phase transition as illustrated in Fig. 24a–c. Zhu et al.50

also introduced composites of Cu2Te and PbTe into the GeTe
matrix through Cu2Te alloying combined with Pb and Cd
doping, resulting in a notable enhancement in Vickers hard-
ness and signicant 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.191 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

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


Fig. 25 Comparison of the quality factor (B) and figure-of-merit (ZT) of GeTe, PbTe, and SnTe thermoelectric materials with cationic and anionic
doping.194
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the power factor can be improved by band engineering, carrier
density optimization, energy ltering 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 signicant room for
improvement. The quality factor is determined by the weighted
mobility and lattice thermal conductivity, reecting 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 signicantly reduces the carrier
concentration while enhancing the Seebeck coefficient and
suppressing lattice thermal conductivity, increasing the ZT
value profoundly; however, this oen leads to signicant 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 specic dopants are pivotal in constructing hierarchical
domain structures that signicantly scatter phonons while
exerting minimal inuence 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 eld 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). Specically, metals employed as
diffusion barrier layers have been thoroughly investigated. In
contrast, studies concerning compounds as diffusion barrier
layers remain relatively sparse.

Although signicant 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.
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