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tric performance in entropy-
driven Ge1−2x−yPbxSnxSbyTe†

Animesh Das, Paribesh Acharyya, Subarna Das and Kanishka Biswas *

Germanium telluride (GeTe) is one of the most fascinating inorganic compounds in thermoelectrics due to

its intriguing chemical bonding, crystal and electronic structure. However, thermoelectric performance of

pristine GeTe is greatly affected by its high lattice thermal conductivity and intrinsically high p-type carrier

concentration. Recently, innovative strategies have been applied to improve thermoelectric performance

either by enhancing electronic transport or decreasing the lattice thermal conductivity by phonon

scattering. Herein, in order to increase the configurational entropy of the system, we have doped Sn and

Pb (2.5 mol% each) in GeTe, which reduces the lattice thermal conductivity (kL) from 2.8 W m−1 K−1 of

pristine GeTe to ∼1.9 W m−1 K−1 of Ge0.95Pb0.025Sn0.025Te sample at room temperature. Furthermore,

we have doped donor dopant Sb on the Ge site in Ge0.95Pb0.025Sn0.025Te which optimizes the p-type

carrier concentration of the system and enhances the Seebeck coefficient due to valence band

convergence. Finally, high energy ball-milling along with spark plasma sintering (BM + SPS) has been

performed, which helps in further enhancement of the Seebeck coefficient due to extreme valence band

convergence and reduction in lattice thermal conductivity to ∼0.63 W m−1 K−1. As a result, a high

thermoelectric figure of merit, zT of ∼2.3 (with Dulong–Petit Cp, zT is 2.5) at 723 K and a high average

zTavg of 1.3 in the 300–723 K temperature range have been achieved in BM + SPS processed

Ge0.84Pb0.025Sn0.025Sb0.11Te sample. Motivated by the ultra-high zT, we have constructed a double-leg

TE device of Ge0.84Pb0.025Sn0.025Sb0.11Te (BM + SPS) sample as a p-type leg, where In and I doped PbTe

is used as the n-type leg, which shows a high output power density (PDmax) of ∼590 mW cm−2 at DT =

448 K.
10th year anniversary

On the auspicious occasion of the 10th anniversary of Journal of Materials Chemistry A, I would like to take the opportunity to thank as well as congratulate the
entire JMC A community for the success of the journal by publishing important articles written by experts in the eld. Over the last ten years JMC A has published
excellent articles in energy conversion and storage and materials relevant to environmental issues. These have encouraged me to publish in this renowned
journal since 2014. Since then, we have published several articles and review papers in this journal such as J. Mater. Chem. A, 2014, 2, 4324; J. Mater. Chem. A,
2015, 3, 648; J. Mater. Chem. A, 2018, 6, 24216; J. Mater. Chem. A, 2018, 6, 13142; J. Mater. Chem. A, 2020, 8, 12226 in the context of thermoelectric energy
conversion and water purication. As a future direction of our work, innovating new thermoelectric materials, thermal transport in metal halides and new
quantum materials, we will continue to contribute to this journal. I am also acting as an Editorial Advisory Board member in JMC A.
Introduction

Most of the energy utilization processes generate heat as
a byproduct. With two-thirds of used energy lost as waste heat,
conversion of such waste heat to a benecial form can have
a signicant impact on overall energy utilization.1,2 Thermo-
electrics (TE) has become an essential ingredient in green
energy technology which converts the waste heat into electrical
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f Chemistry 2023
energy without emitting any hazardous gases like CO and
CO2.3,4 The efficiency of a TE solid-state material is governed by
the dimensionless gure of merit (zT) dened as zT = sS2T/(ke +
kL) where s, S, ke and kL are the electrical conductivity, Seebeck
coefficient, electrical thermal conductivity and lattice thermal
conductivity, respectively, at absolute temperature T.5–7

However, s, S, and ke are interlinked via carrier concentration.
Thereby, decoupling electrical and thermal transport properties
with the decrease of kL and enhancement of the power factor
(sS2) is the most arduous task. Several strategies have already
been implemented to enhance the TE performance of a material
by increasing the Seebeck coefficient8 and decreasing kL.

2 The
Seebeck coefficient can be increased via modulation of the
electronic structure such as valence band convergence9
J. Mater. Chem. A, 2023, 11, 12793–12801 | 12793
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resonance level formation etc.,10 whereas, kL has been reduced
up to the glass limit by introducing point defect scattering,11

hierarchical nano/meso-scale architectures,12,13 lattice anhar-
monicity,14 bonding heterogeneities,14–16 liquid-like ion ow,17

ferroelectric instability, etc.18,19

In the IV–VI semiconductor family, recently, germanium
telluride (GeTe) has emerged as a potential high performance
TE candidate due to its unique structure–property
relationship.20–23 GeTe crystallizes in a rhombohedral (a phase,
R3m) structure (r-GeTe) at room temperature and a rock salt
cubic (b phase, Fm�3m) structure (c-GeTe) at high temperature
(>700 K). It undergoes a paraelectric to ferroelectric structural
second-order phase transition from the a phase to b phase at
∼700 K due to the slight displacement of the Ge atoms origi-
nating from shear distortion of the lattice along the [111] crys-
tallographic direction. TE properties of pristine GeTe are
reasonable and a maximum zT of ∼0.8 is achieved at 723 K
limited by its very high p-type carrier density (∼1021 cm−3),
originating from intrinsic Ge vacancies. As a consequence,
a very high s of ∼8500 S cm−1, a moderate S of ∼34 mV K−1 and
a high kT of ∼8 W m−1 K−1 at 300 K are observed in pristine
GeTe.22,24 Nevertheless, over the last couple of years, a large
advancement in the TE performance of GeTe has been
accounted for by the development of several novel methodolo-
gies to modify its electronic structure and phonon scattering
mechanisms.20,25,26

Recently, congurational entropy engineering has steadily
been engendered as a new strategy that synchronizes the carrier
concentration optimization of a material with low phonon
transport via selective multi-principal-element alloying, and it
reveals great prospects for developing new high performance TE
materials.11,27–30 Congurational entropy, in a given system,
increases with increasing the elemental dopants, thereby
decreasing the Gibbs free energy, which facilitates the entropy-
driven structural stability along with extending solid solubility
limits of the alloying elements.3,31–34 Generally, in the binary
systems, as the enthalpy factor exceeds entropy,26 phase sepa-
ration can easily occur. As a consequence, the defects/disloca-
tions present in the boundary between the phase separated
precipitate and matrix scatter the majority charge carriers along
with phonons, manifesting a detrimental effect on thermo-
electric properties. Such phenomena have also been observed
for a few pseudoternary based systems like PbTe1−2xSexSx,35

SnTe1−2xSexSx,30 GeTe1−2xSexSx,11 and Ge1−2xSn2xTe1−2xSexSx.29

However, in case of additional components doping, for
example, in a system like Ge0.61Ag0.11Sb0.13Pb0.12Bi0.01Te,27 the
entropy of mixing exceeds enthalpy, thus the individual solu-
bility limit of the dopants increases. On the other hand, the
formation of point defects and generated local lattice distor-
tions induced by the lattice strain and mass uctuations owing
to multicomponent doping, remarkably scatter the heat
carrying phonons, thereby improving zT of the given system.

Herein, we have demonstrated the excellent thermoelectric
performance in ball milled and spark plasma sintered (BM +
SPS) Sb doped Ge1−2xPbxSnxTe (x = 0–0.05) samples. We have
achieved a high zT of 2.3 (with Dulong–Petit Cp, zT is 2.5) at 723
K and a high average zTavg of 1.3 in the 300–723 K temperature
12794 | J. Mater. Chem. A, 2023, 11, 12793–12801
range in 11 mol% Sb doped Ge0.95Pb0.025Sn0.025Te (BM + SPS).
Exclusive cation site alloying on the Ge position of GeTe using
Pb and Sn (2.5 mol% each) and Sb (11 mol%) increases the
congurational entropy of the system. SnTe and PbTe both
exhibit a cubic rock salt structure at room temperature20,36 and
act as a donor dopant to GeTe, which facilitates optimizing the
p-type carrier density in GeTe. Furthermore, Sb alloying in
Ge0.95Pb0.025Sn0.025Te causes an enhancement in the Seebeck
coefficient and decreases the kL value due to extensive valence
band convergence and enhanced phonon scattering, respec-
tively. Additionally, high energy ball-milling along with spark
plasma sintering results in excessive cationic disorder and
formation of Ge nanoprecipitates of sizes ∼10–40 nm in the
GeTe matrix, causing a signicant reduction in kL to ∼0.63 W
m−1 K−1 at room temperature. Furthermore, motivated by the
ultra-high zT, a double leg TE device based on the Ge0.84-
Pb0.025Sn0.025Sb0.11Te (BM + SPS) sample as the p-type leg, where
In and I doped PbTe is used as the n-type leg, is fabricated and
a promising output power density of ∼590 mW cm−2 for DT
∼448 K is achieved.

Results and discussion

We have synthesized high-quality polycrystalline samples of
GeTe and Ge1−2xPbxSnxTe (x = 0–0.05) by the vacuum seal tube
melting reaction followed by ball milling and spark plasma
sintering (see Method in the ESI† for details). Congurational
entropy (DS) of a solid solution having n number of components
with a mole fraction of xi, is dened using the eqn.
DS ¼ �RPn

i¼1
xilnxi.3 In the present GeTe-based system, DS

increases predictably as the number of alloying elements
increases as shown in Fig. S1 ESI.† For example, DS gradually
increases to 1.91 J mol−1 K−1 in Ge0.95Pb0.025Sn0.025Te and
further reaches to 2.57 Jmol−1 K−1 in the Ge0.9Pb0.05Sn0.05Te
sample. Fig. 1a shows the room temperature PXRD pattern of
Ge1−2xPbxSnxTe (x = 0–0.05) samples which could be indexed
based on the rhombohedral phase of GeTe and above x$ 0.015
we observe a weak diffraction peak of Ge which is characteristic
for GeTe based samples.37 With an increase in the Sn and Pb
concentrations from 1.5 to 5 mol%, Bragg peaks of pristine
GeTe shi to a lower angle (Fig. S2a ESI†) consistent with the
increase in the lattice parameter (Fig. S2b and S3 ESI†) of the
solid solutions as the sizes of Sn (118 pm) and Pb (119 pm) are
larger than that of Ge (87 pm).

To probe the microstructure composition, eld emission
scanning electron microscopy (FESEM) in backscattered
imaging (BSE) mode and energy dispersive spectroscopy (EDS)
are performed on the polished surface of the Ge0.95Pb0.025-
Sn0.025Te sample. Fig. 2a and b present different magnied BSE-
FESEM images of the polished surface of the Ge0.95Pb0.025-
Sn0.025Te sample, where we can observe the microprecipitate of
Ge of 2–20 mm size in the GeTe matrix, which is further veried
by EDS color mapping (Fig. S5 and S6 ESI†) and EDS line spectra
along the precipitate (Fig. 2c). Formation of the Ge micro-
precipitate is typical in GeTe as it has an intrinsic Ge
vacancy.20,21,25 To check the nanoscale architecture, high reso-
lution transmission electronmicroscopy (HRTEM) is performed
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Powder X-ray diffraction of (a) Ge1−2xPbxSnxTe (x = 0–0.05), and (b) ingot and ball milled Ge0.84Pb0.025Sn0.025Sb0.11Te samples.
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on the Ge0.95Pb0.025Sn0.025Te sample as shown in Fig. S7 ESI,†
where we have not found any nanoprecipitate, indicating that
the system forms a high entropy solid solution in Ge1−2xPbx-
SnxTe, enriched with point defects due to mass uctuation of
cation sites.

Temperature dependent TE properties of ingot Ge1−2xPbx-
SnxTe (x = 0–0.05) samples are shown in Fig. 3. Fig. 3a shows
the temperature dependent electrical conductivity (s) of ingot
samples, where the decreasing nature of s with temperature
resembles the degenerate semiconductor behavior. With
increasing concentrations of Sn and Pb in GeTe, s decreases.
Typically, pristine GeTe exhibits an electrical conductivity of
∼8062 S cm−1 at room temperature, which reduces to 4698 S
cm−1 in the Ge0.95Pb0.025Sn0.025Te sample. This can be
Fig. 2 (a and b) Backscattered FESEM images at different magnifications
precipitate as highlighted in (b), (d and e) Backscattered FESEM images
Sn0.025Sb0.11Te sample, and (f) EDS line scanning along the precipitate a

This journal is © The Royal Society of Chemistry 2023
attributed mainly to a decrease in carrier mobility and carrier
concentration, which is veried by room temperature Hall
measurement (Table S1 ESI†). The Positive Hall coefficient and
positive Seebeck coefficient indicate that the major carrier is the
hole. The p-type carrier concentration slightly decreases with
the addition of Pb and Sn in GeTe (Table S1 ESI†). The Seebeck
coefficient of all the compositions remains similar. Pristine
GeTe shows the Seebeck coefficient of ∼31 mV K−1 at room
temperature, whereas ingot Ge0.95Pb0.025Sn0.025Te exhibits a S of
∼39 mV K−1 at room temperature and it increases to ∼152 mV
K−1 at 723 K (Fig. 3b).

Temperature dependent thermal transport property data of
Ge1−2xPbxSnxTe (x = 0–0.05) samples are illustrated in Fig. 3c
and d. Total thermal conductivity (kT) decreases with an
of the Ge0.95Pb0.025Sn0.025Te sample, (c) EDS line scanning along the
at different magnifications of the BM + SPS processed Ge0.84Pb0.025-
s highlighted in (e).

J. Mater. Chem. A, 2023, 11, 12793–12801 | 12795
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Fig. 3 Temperature dependent (a) electrical conductivity (s), (b) Seebeck coefficient (S), (c) total thermal conductivity (kT), and (d) lattice thermal
conductivity (kL) of Ge1−2xPbxSnxTe (x = 0–0.05) samples. The inset of figure (d) shows Callaway's model fitting of kL for pristine GeTe and
Ge0.95Pb0.025Sn0.025Te samples.
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increase in Sn and Pb content in GeTe. For example, pristine
GeTe shows a kT of ∼8 W m−1 K−1, whereas, for Ge0.95Pb0.025-
Sn0.025Te, it decreases to ∼5.1 W m−1 K−1 at room temperature.
The lattice thermal conductivity (kL) is estimated by subtracting
electrical thermal conductivity (ke) from total thermal conduc-
tivity (kT). ke is determined by using the equation ke = LsT,
known as Wiedemann–Franz's law, where L is the Lorenz
number. L of all the Ge1−2xPbxSnxTe (x = 0–0.05) samples is
calculated by tting of the temperature dependent Seebeck
coefficient.12 Pristine GeTe shows a kL of∼2.8Wm−1 K−1, which
decreases to ∼1.9 W m−1 K−1 for Ge0.95Pb0.025Sn0.025Te at room
temperature and 1.6 W m−1 K−1 at 723 K. The cause of reduc-
tion in kL can mainly be attributed to point defects at the cation
site (Ge/Sn/Pb) and large mass uctuations in the system. We
have tted the temperature dependent kL data with Callaway's
model for pristine GeTe and Ge0.95Pb0.025Sn0.025Te samples.
Callaway devised a phenomenological model considering scat-
tering at various length scales, which is given by,38

kL ¼ kB

2np2

�
2pkBT

h

�3 ðqD=T

0

sC
x4ex

ðex � 1Þ2 dx

It acts as a guide for quantitative assessment of the contri-
bution arising from different phonon scattering effects. Here, kB
corresponds to Boltzmann's constant; h, T and sC denote
12796 | J. Mater. Chem. A, 2023, 11, 12793–12801
Planck's constant, absolute temperature and total relaxation
time, respectively. sC corresponds to the individual relaxation
time obtained via the relation

s�1C ¼ s�1B þ s�1PD þ s�1U ¼ n

L
þ Au4 þ Bu2 Te�

qD
3T

where sB, sPD and sU correspond to relaxation times arising from
the contributions of grain boundary scattering, point defect
scattering and Umpklapp scattering, respectively; L is the grain
size, v is the sound velocity, and the coefficients A and B are
temperature independent tting parameters. As sc is inversely
proportional to A and B, larger values of A and B, indicate
shorter phonon relaxation time and strong phonon scattering.
The tted kL data for pristine GeTe and Ge0.95Pb0.025Sn0.025Te
samples are shown in the inset of Fig. 3d and the A and B
parameters obtained from the tting are shown in Table S2
ESI.† A signicantly higher value of A in the Ge0.95Pb0.025-
Sn0.025Te sample compared to that of GeTe implies enhanced
point defect scattering in the Sn, Pb co-alloyed GeTe sample on
the cation site (Ge/Sn/Pb) which is mainly responsible for the
reduction of kL.

In the next step, we have further alloyed Sb (11 mol%) on the
cation site of the Ge0.95Pb0.025Sn0.025Te sample to optimize the
p-type carrier concentration, which eventually, increases the
Seebeck coefficient for further improvement in overall TE
performance. Overall entropy of mixing (DS) also increases
This journal is © The Royal Society of Chemistry 2023
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considerably from 1.91 J mol−1 K−1 in Ge0.95Pb0.025Sn0.025Te to
4.74 J mol−1 K−1 in the Ge0.84Pb0.025Sn0.025Sb0.11Te sample.
Aliovalent Sb(III) doping on the Ge site effectively suppresses the
p-type carrier density and also enhances the valence band
degeneracy by promoting the crystal symmetry of GeTe to be
more cubic in nature at room temperature.13,22,39 Besides, the
obtained kL of the Ge0.95Pb0.025Sn0.025Te sample (∼1.9 W m−1

K−1 at 300 K) is much higher than theoretical kmin of pristine
GeTe (0.3 W m−1 K−1),40 thus it leaves enormous scope for the
further reduction of kL to enhance zT. We have synthesized the
Ge0.84Pb0.025Sn0.025Sb0.11Te sample mainly by the solid state
melting reaction (synthesis in the ESI†) and recorded the
powder XRD pattern at room temperature (Fig. 1b). The two
Bragg peaks (024) and (220) which correspond to rhombohedral
GeTe, tend to come closer to a single (220) peak of cubic GeTe
with a Sb concentration of 11 mol%, indicating the augmented
cubic nature in the system.13,22

Temperature dependent electrical conductivity (s) of the
Ge0.84Pb0.025Sn0.025Sb0.11Te sample is shown in Fig. 4a. The s

decreases with Sb doping because of reduction in the p-type
carrier density (n) (Table S3 ESI†). Typically, s reduces from
∼4698 S cm−1 for Ge0.95Pb0.025Sn0.025Te (where n = 6.1 × 1020

cm−3) to ∼540 S cm−1 for the Ge0.84Pb0.025Sn0.025Sb0.11Te (n =

1.5 × 1020 cm−3) sample at room temperature. The variation of
the Seebeck coefficient, S, as a function of temperature for the
Ge0.84Pb0.025Sn0.025Sb0.11Te sample is unveiled in Fig. 4b. Ingot
Ge0.84Pb0.025Sn0.025Sb0.11Te shows a higher Seebeck coefficient
Fig. 4 Temperature dependent (a) electrical conductivity (s), (b) Seebec
conductivity (kT), (e) lattice thermal conductivity (kL) and the (f) thermoe
Pb0.025Sn0.025Sb0.11Te samples using measured Cp and Dulong–Petit (DP

This journal is © The Royal Society of Chemistry 2023
than that of the Ge0.95Pb0.025Sn0.025Te sample over the whole
temperature range. Typically, the Seebeck value for the Ge0.84-
Pb0.025Sn0.025Sb0.11Te sample is ∼128 mV K−1 at room temper-
ature which further increases to 230 mV K−1 at 723 K. This
increase in the Seebeck coefficient value could be attributed to
possible valence band convergence which will be discussed
later. The variation of total thermal conductivity (kT) and lattice
thermal conductivity (kL) with temperature for the ingot
Ge0.84Pb0.025Sn0.025Sb0.11Te sample is shown in Fig. 4d and e. A
signicant reduction in kT is achieved by 11 mol% Sb doping in
Ge0.95Pb0.025Sn0.025Te. The kT value of ingot Ge0.95Pb0.025-
Sn0.025Te is∼5.1 Wm−1 K−1 which is suppressed to∼1.4 Wm−1

K−1 in Ge0.84Pb0.025Sn0.025Sb0.11Te at room temperature. The kT

value shows an anomaly at 573 K of Ge0.95Pb0.025Sn0.025Te,
which is due to structural phase transition of GeTe. The lattice
thermal conductivity (kL) of the ingot Ge0.84Pb0.025Sn0.025-
Sb0.11Te sample is obtained by subtracting ke from kT (Fig. 4e).
The ke is calculated using the Wiedemann–Franz law, ke = LsT
where the Lorenz number (L) is calculated from the temperature
dependence of the Seebeck coefficient by tting the reduced
Fermi energy considering the contributions from double
valence bands of GeTe.13,36,41 Ingot Ge0.84Pb0.025Sn0.025Sb0.11Te
shows a low kL∼1.1 Wm−1 K−1 at room temperature. Sb doping
in Ge0.95Pb0.025Sn0.025Te creates more solid solution point
defects, thereby reducing the lattice thermal conductivity by
enhanced phonon scattering. As there is still room to decrease
k coefficient (S), (c) Pisarenko plot (S vs. n) at 300 K, (d) total thermal
lectric figure of merit (zT) of ingot and (BM + SPS) processed Ge0.84-
) Cp.

J. Mater. Chem. A, 2023, 11, 12793–12801 | 12797
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the lattice thermal conductivity, we did ball milling (BM) fol-
lowed by SPS on the Ge0.84Pb0.025Sn0.025Sb0.11Te sample.

The room temperature PXRD pattern of the BM Ge0.84Pb0.025-
Sn0.025Sb0.11Te sample is shown in Fig. 1b. We have observed an
apparent merging of (024) and (220) reections in between 2q =

41 and 45° along with broadening of the Bragg's reections. We
have done the Rietveld analysis based on PXRD data of ingot and
ball milled Ge0.84Pb0.025Sn0.025Sb0.11Te samples as shown in
Fig. S4 ESI.† Slight reduction of the c/a ratio in the rhombohedral
setting in BM Ge0.84Pb0.025Sn0.025Sb0.11Te compared to that of the
ingot sample implies reduction of rhombohedral distortion
(Table S5 ESI†). However, peak broadening of the XRD peak is also
due to the reduction of the crystallite size (discussed later). Ball
milling in the Ge0.84Pb0.025Sn0.025Sb0.11Te sample causes
a decrease in rhombohedral distortion, but the reduced crystallite
size effect is more pronounced as observed from the XRD reec-
tions and TEM images.

We have performed microscopic analysis to investigate the
cause of PXRD peak broadening in the Ge0.84Pb0.025Sn0.025-
Sb0.11Te (BM) sample. BSE-FESEM of
Fig. 5 (a) TEM image of the BM + SPS processed Ge0.84Pb0.025Sn0.025Sb0
and c) HRTEM micrograph of the same sample showing the presence of
having a d-spacing of 0.29 nm.

12798 | J. Mater. Chem. A, 2023, 11, 12793–12801
Ge0.84Pb0.025Sn0.025Sb0.11Te (BM + SPS) is performed to analyze
the microstructure composition. Fig. 2d and e show the FESEM
micrographs at different magnications. It is found that the Ge
microprecipitate (∼5–10 mmsize) is present in thematrix, which
is further conrmed by color mapping (Fig. S8 ESI†), and EDS
line scanning (Fig. 2f) along the precipitate which appears as
a dark contrast in Fig. 2e. To probe the nanoscale architecture,
TEM and HRTEM analyses of the same sample are carried out.
TEM images show that the BM processed Ge0.84Pb0.025Sn0.025-
Sb0.11Te sample exhibits particle sizes of ∼40–60 nm (Fig. S9a
ESI†), which contribute to the peak broadening during X-ray
diffraction. HRTEM images in Fig. 5d and S9b ESI† reveal that
the d-spacing of the matrix is ∼0.29 nm, which corresponds to
the (202) plane of the rhombohedral phase of GeTe (R3m).
Furthermore, lowmagnication TEM images show the presence
of nanoprecipitates in the GeTe matrix (Fig. 5a) with a d-spacing
of 0.32 nm indicating the (111) plane of Ge (Fd�3m), and hence
conrms the presence of Ge nanoprecipitates (10–40 nm size) in
the matrix (Fig. 5b and c). In addition, we have performed the
EDS color mapping in the GeTe matrix in STEM-HAADF mode,
.11Te sample showing the presence of nanoprecipitates in the matrix, (b
the Ge nanoprecipitate, and the (d) HRTEM image of the GeTe matrix

This journal is © The Royal Society of Chemistry 2023
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which further validates the presence of nanosized Ge precipi-
tates in the GeTe matrix as shown in Fig. S10 ESI.† It is note-
worthy to mention here that besides the presence of Ge
nanoprecipitates, ripple-like nanostructures and dislocations in
the GeTe matrix are also observed as shown in Fig. S11 ESI.†
This can be attributed to high lattice strain induced in the
system due to high energy ball milling, large mass uctuations
and the enhanced cubic nature aer Sb doping.42 Existence of
such ripple-like nanostructures and dislocations in thematrix is
further veried via performing inverse fast Fourier transform
(IFFT) (Fig. S11d ESI†) of the area selected in Fig. S11c ESI.†

Furthermore, we have measured temperature dependent TE
properties of the BM + SPS processed Ge0.84Pb0.025Sn0.025-
Sb0.11Te sample as shown in Fig. 4. In Fig. 4a, electrical
conductivity in Ge0.84Pb0.025Sn0.025Sb0.11Te (BM + SPS)
decreases drastically because of the signicant decrease in
carrier concentration (Table S3 ESI†). Ingot Ge0.84Pb0.025-
Sn0.025Sb0.11Te has a s of ∼540 S cm−1 at 300 K, whereas it
reduces to∼200 S cm−1 at room temperature upon BM followed
by SPS. The Seebeck coefficient of the BM + SPS processed
Ge0.84Pb0.025Sn0.025Sb0.11Te sample increases drastically at
room temperature as shown in Fig. 4b. For example, the ingot
Ge0.84Pb0.025Sn0.025Sb0.11Te sample shows a S of ∼128 mV K−1,
Fig. 6 (a) zT of BM + SPS processed Ge0.84Pb0.025Sn0.025Sb0.11Te is reve
tation of the double leg device where the Ge0.84Pb0.025Sn0.025Sb0.11Te (BM
is used as the n-type leg (inset shows the original device photograph), (c) o
temperature gradients and (d) maximum output power density (PDmax) a
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whereas BM + SPS processed Ge0.84Pb0.025Sn0.025Sb0.11Te shows
a S of ∼210 mV K−1 at room temperature. To understand the
carrier concentration dependence of the Seebeck coefficient, we
have tted room temperature S data of our samples with the
Pisarenko plot via the double valence band model tuning the
energy offset (DE) between light and heavy hole valence bands of
GeTe close to the Fermi level.41 Pristine GeTe falls on the S vs. n
line considering DE = 0.23 eV,24,41 whereas, for the ingot
Ge0.84Pb0.025Sn0.025Sb0.11Te sample, a signicant deviation from
the theoretical prediction is observed (Fig. 4c). We have found
that the S vs. n plot for ingot Ge0.84Pb0.025Sn0.025Sb0.11Te sample
falls on the Pisarenko line considering DE = 0.10 eV, which
indeed implies the valence band convergence effect. Besides,
Seebeck coefficient data for the BM + SPS processed Ge0.84-
Pb0.025Sn0.025Sb0.11Te sample fall on the line tted by DE = 0.05
eV, which further signify the decrease in the energy gap between
the heavy hole valence band and light hole valence band. As
a result of the extensive valence band convergence effect, we
have obtained a signicantly high Seebeck coefficient for the
Ge0.84Pb0.025Sn0.025Sb0.11Te (BM + SPS) sample at room
temperature and it reaches a maximum value of ∼302 mV K−1 at
542 K.
rsible over the temperature cycle and batch, (b) schematic represen-
+ SPS) sample is used as the p-type leg and Pb0.997In0.003Te0.996I0.004
utput power density (PD) as a function ofmeasured current at different
s a function of temperature gradient of the double leg TE device.
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Total thermal conductivity (kT) and lattice thermal conduc-
tivity (kL) as a function of temperature for the Ge0.84Pb0.025-
Sn0.025Sb0.11Te (BM + SPS) sample are presented in Fig. 4d and
e, respectively. A signicant reduction in kT is observed upon
BM and SPS processing. The room temperature kT of ingot
Ge0.84Pb0.025Sn0.025Sb0.11Te is ∼1.4 W m−1 K−1, which reduces
to ∼0.73 W m−1 K−1 at room temperature in the Ge0.84Pb0.025-
Sn0.025Sb0.11Te (BM + SPS) sample. This reduction in kT in the
BM and SPS processed sample can be attributed to reduction in
both lattice (kL) as well as electrical thermal conductivity (ke)
(Fig. S13 ESI†). As shown in Fig. 4e, BM and SPS in the Ge0.84-
Pb0.025Sn0.025Sb0.11Te sample cause a reduction in kL from 1.1 W
m−1 K−1 in ingot to ∼0.63 W m−1 K−1 at 300 K which is close to
the theoretical minimum limit of GeTe (∼0.3 W m−1 K−1).24 In
GeTe, heat carrying phonons having a mean free path shorter
than 20 nm contribute to nearly 75% of kL at room tempera-
ture.13,43 In this work, entropy enabled cation site disorder
signicantly scatters short wavelength phonons. Besides, the
reduced crystallite size (Fig. S9 ESI†) and the presence of Ge
nanoprecipitates of widely varying sizes (∼10–40 nm, Fig. 5) in
the Ge0.84Pb0.025Sn0.025Sb0.11Te (BM + SPS) sample effectively
scatter the mid wavelength phonons. Furthermore, extensively
present ripple-like nanostructures, dislocations and Ge micro-
precipitates also suppress the other mid and long wavelength
phonons, resulting in drastically reduced kL. We have measured
the room temperature average sound velocity (ym) of GeTe,
Ge0.95Pb0.025Sn0.025Te and Ge0.84Pb0.025Sn0.025Sb0.11Te (BM +
SPS) samples (Table S4 ESI†). It is observed that ym reduces from
∼2158 m s−1 for pristine GeTe to 2086 m s−1 in Ge0.95Pb0.025-
Sn0.025Te. However, a drastic reduction of ym (∼1612 m s−1) was
observed in the Ge0.84Pb0.025Sn0.025Sb0.11Te (BM + SPS) sample,
which further supports the observed ultra-low kL trend.

The TE gure of merit (zT) as a function of temperature for
the ingot and BM + SPS processed Ge0.84Pb0.025Sn0.025Sb0.11Te
samples has been shown in Fig. 4f. The BM + SPS processed
Ge0.84Pb0.025Sn0.025Sb0.11Te sample shows the highest zT of∼2.3
at 723 K and high average zTavg of 1.3 in the 300–723 K
temperature range. The zT is∼160% higher than that of pristine
GeTe. Moreover, zT reaches to 2.5 at 723 K if kT is estimated
using the Dulong–Petit heat capacity (Cp) value (Fig. 4f). This
remarkable enhancement of zT in the Ge0.84Pb0.025Sn0.025-
Sb0.11Te sample upon BM + SPS processing is attributed to the
(a) signicant reduction of lattice thermal conductivity due to
the presence of extensive entropy enabled cation site disorder,
Ge nano/microprecipitates, ripple-like nanostructures, and
dislocations in the GeTe matrix and (b) enhancement of the
Seebeck coefficient compared to that of pristine GeTe due to the
valence band convergence effect. This high zT sample shows
reversibility and reproducibility aer heating–cooling cycles
and in a separately synthesized batch (Fig. 6a and S14 ESI†).

Motivated by high zT, we have prepared a double leg TE
device (Fig. 6b) and measured the power conversion character-
istics on a mini-PEM testing system based on the BM + SPS
processed Ge0.84Pb0.025Sn0.025Sb0.11Te sample as the p-type leg.
For the n-type counterpart, In and I doped PbTe viz. Pb0.997-
In0.003Te0.996I0.004 is used (fabrication technique discussed in
the ESI†).13,44 Fig. S16a ESI† shows the variation of the open
12800 | J. Mater. Chem. A, 2023, 11, 12793–12801
circuit voltage (V0) as a function of the temperature difference
(DT). V0 increases with increase in DT due to the increase in the
Seebeck coefficient and it reaches a maximum value of 105 mV
at DT = 448 K. Fig. 6c shows the output power density (PD) of
the device as a function of measured current (Imeas) at a partic-
ular DT. A promising maximum PD (PDmax) ∼590 mW cm−2 at
DT = 448 K is achieved in the double leg-based TE device
(Fig. 6d), which makes our system a potential candidate for
efficient mid-temperature power generation application.
Conclusions

In conclusion, we have achieved a remarkably high zT ∼2.3
(with Dulong–Petit Cp, zT is 2.5) at 723 K in an entropy enabled
BM + SPS processed Ge0.84Pb0.025Sn0.025Sb0.11Te sample. We
have done exclusive cation site alloying of GeTe using Pb and Sn
(2.5 mol% each) to increase the congurational entropy of the
system. Subsequent doping of aliovalent Sb (11 mol%) opti-
mizes the p-type carrier concentration and leads to further
enhancement of the entropy of the system. Finally, high energy
ball-milling along with spark plasma sintering (BM + SPS) is
performed in a Ge0.84Pb0.025Sn0.025Sb0.11Te sample, which cau-
ses drastic enhancement in the Seebeck coefficient∼210 mV K−1

at room temperature. Such a high value of S is attributed to the
extensive valence band convergence effect, where the energy gap
between the heavy hole valence band and light hole valence
band reduces from 0.23 eV in pristine GeTe to 0.05 eV in the
Ge0.84Pb0.025Sn0.025Sb0.11Te (BM + SPS) sample. Lattice thermal
conductivity in the BM + SPS processed Ge0.84Pb0.025Sn0.025-
Sb0.11Te sample reduces to ∼0.63 W m−1 K−1 at room temper-
ature, which is close to the theoretical minimum value (0.3 W
m−1 K−1). The ultra-low kL is because of enhanced phonon
scattering via extensive cation site disorder, Ge micro/nano-
precipitates along with ripple-like nanostructures and disloca-
tions present in the GeTe matrix. We have fabricated a double-
leg device based on the Ge0.84Pb0.025Sn0.025Sb0.11Te (BM + SPS)
sample as the p-type leg and In and I doped PbTe as the n-type
leg, which shows a promising output power density ∼590 mW
cm−2 for DT ∼448 K.
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