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GeTe-based thermoelectric materials have a very high hole carrier concentration (~10%* cm™3), and thus,
improving the figure of merit, ZT, is substantially challenging. In this work, we foremost dope Bi to lower
the majority carrier concentration, followed by alloying CulnTe; to further adjust the hole concentration
to an optimal level (0.5-2.0 x 102° cm™3). This strategy also improves the structural symmetry and leads
to hyperconverged valence sub-bands and resonance levels, increasing the effective mass from 1.42 mq
to 1.95 mo. Consequently, a high power factor of ~23 uW cm™! K~2 at room temperature and ~41
pW cm™ K2 at 623 K in the (Gego3Bio.osTeoos)(CulnTes)po1 sample is reported. Moreover, the
introduced point defects and nano-deposits reduce the lattice thermal conductivity to amorphous levels.
As a result, the (Geg.93Big.osT€0.98)(CulnTes)g 01 Sample has a peak ZT value of ~2.16 at 623 K and an
average ZT value of ~142 at 300-773 K. A record high hardness value (~277 Hv) is achieved.
Simultaneous Bi doping and CulnTe; alloying appear to be an effective strategy for increasing the ZT
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Introduction

Thermoelectric technology, which converts heat directly into
electricity and vice versa, has attracted great attention as one of
promising solutions to the energy crisis and environmental
degradation, and various related studies have been reported
recently.’® To make thermoelectric technology more economical
and expand its application range, the energy conversion effi-
ciency, measured by the figure of merit (Z7), should be maxi-
mized. The dimensionless ZT is defined as ZT=S*0T/kota1, Where
S, g, T, and Kk, are the Seebeck coefficient, electrical conduc-
tivity, absolute temperature, and total thermal conductivity (the
sum of lattice k. and electronic k.. components), respectively.”
For enhancing the ZT value, both a high power factor (5%¢) and
low lattice thermal conductivity (k) are simultaneously coveted.
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Improving the power factor is achieved through band conver-
gence,'>" resonant levels,”>** the energy filtering effect,'*'> and
modulation doping.'*” On the other hand, minimizing the
lattice thermal conductivity is attained through all-scale hierar-
chical phonon scattering,'®*® nanoparticles,”>** and various
defects.®** So far, thermoelectric materials, such as Bi,Te;-based
compounds,* chalcogenides,* SiGe,* half-Heusler,*® Zintl pha-
ses compounds,” skutterudites,*® etc., have been investigated
with combinations of the above-mentioned methods to improve
thermoelectric performance.

GeTe is a chalcogenide thermoelectric material for mid-
temperature application with a superior conversion
efficiency.®*** Pristine GeTe undergoes a ferroelectric phase
transition from a high-temperature cubic structure (Fm3m) to
low-temperature rhombohedral structure (R3m) near 700 K,
accompanied by a Peierls-type distortion.* This broken inver-
sion symmetry induces a change in the electron band structure
and strong spin-orbital coupling (SOC).>** First of all, the
rhombohedral GeTe has 3 L and 1 Z pockets for light carrier
valence bands, and 6 = and 6 n pockets for heavy carrier valence
bands which merges into 4 L and 12 = pockets for light and
heavy hole bands, respectively, when it undergoes the transition
to cubic GeTe.***” Secondly, the induced strong SOC results in
the Rashba spin splitting, in which the original single band
edge splits into two band extrema with opposite spin
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momenta.***® Pristine GeTe is also characterized by a high hole
concentration due to the low formation energy of intrinsic Ge
vacancies, leading to the degradation of the thermoelectric
performance.®

Optimization of the hole concentration in GeTe is imple-
mented by doping trivalent elements such as Bi,>***® Sb,**** and
In,**** and suppressing the Ge vacancies.** Enhancement of the
Seebeck coefficient has been achieved by several band engi-
neering methods, including band convergence,* resonance
state,® the Rashba effect.’* and entropy engineering,'***** and
alloying with other compounds such as NaSbTe,,** AgSbTe,,*
CuSbTe,,"” and CdSe** has been employed to introduce an all-
scale hierarchical phonon scattering as well as band engi-
neering. In addition, studies have been reported that showed
a synergistic improvement in thermoelectric properties by
simultaneous doping with effective dopants such as Cu and
In,*® Sn and Sb,** and Cu and Sb.*

CulnTe,, a ternary I-III-VI, compound, is a medium-
temperature thermoelectric material with a low carrier
concentration (~10"® c¢m™®).5® This compound also has
a tetragonal crystal structure, a quasi-cubic structure in which
two sphalerites are stacked in the c-axis, so that it has a similar
crystal structure to cubic GeTe.** In this study, we fabricate
(Gej_x_2yBi,Te;_5y)(CulnTe,), (x = 0, 0.05; y = 0, 0.005, 0.01,
0.02, and 0.03) to reduce the high carrier concentration of GeTe
by doping with trivalent Bi, and alloy it with a CulnTe,
compound to further adjust the carrier concentration and
electrical structure. As a result, the carrier concentration is
maintained at an optimum level. Moreover, a large DOS
distortion due to the hyperconverged valence sub-band and the
resonance level induced near the Fermi level is confirmed
through DFT calculations. This distorted DOS increases the
effective mass from 1.42 m, to 1.95 m,, leading to an increase in
the Seebeck coefficient. Thus, a very high power factor of ~23
uW cm~ " K2 at room temperature and ~41 pW cm ™' K2 at 623
K is obtained in the (Ge.93Big.05T€0.0s)(CulnTe,)o 01 Sample.
Furthermore, the lattice thermal conductivity decreases due to
the influence of the CulnTe, nanoprecipitate and point defects
introduced by the dopants. As a result, the (Gey.93Big.05T€0.05)(-
CulnTe,),.0; sample has a peak ZT value of ~2.16 at 623 K and
an average Z7T value of ~1.42 at 300-773 K, showing high ther-
moelectric properties. The (Geg.91Big.05T€0.06)(CulnTe,)o o2
sample showed very high mechanical stability with a record
high hardness value of 277 Hv.

Experimental details

Reagents

Alfa Aesar’s Ge (pieces, 99.999%), Te (broken ingot, 99.99%), Cu
powder (powder, 99.9%), In (shot, 99.99%), and Bi (shot,
99.999%) were used for synthesis without any further
purification.

Sample synthesis

Samples (~16 g) of (Ge;_y_»,Bi,Te;_,,)(CulnTe,), (x = 0, 0.05; y
=0, 0.005, 0.01, 0.02, and 0.03) were weighed according to their
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stoichiometric ratio and loaded in quartz tubes. The tubes were
vacuumed to 107° Torr, purged with Ar gas three times then
sealed under a vacuum pressure of 10~° Torr. These sealed
ampoules were slowly heated to 1223 K for 12 h in a rocking
furnace and then kept at this temperature for 6 h. Subsequently,
the ampoules were quenched in water, annealed in a box
furnace at 923 K for 3 days and then slowly cooled down to room
temperature. Next, the obtained ingots were ground to below 45
um and then sintered using a hot press under a uniaxial pres-
sure of 100 MPa at 823 K for 1 h under an Ar atmosphere. The
pellets were cut into the required shapes by using a diamond
wire saw for various analysis processes.

Characterization

X-ray diffraction data were obtained by using a Panalytical
EMPYREAN X-ray diffractometer with Cu Ka radiation (A =
1.5425 A), scanning from 20° to 80° with a 0.02° step at room
temperature. The microstructure and chemical composition
were characterized on a Hitachi SU8230 field emission scanning
electron microscopy (FE-SEM) instrument with an OXFORD
Ultim Max100 energy dispersive X-ray spectrometer (EDS). The
chemical composition of the samples was also determined
using a JEOL JXA-8530F field emission electron probe micro
analyzer (FE-EPMA) at 15 kV in combination with wavelength
dispersive spectroscopy (WDS) on the polished surfaces. The
microstructure and atomic defects were investigated using
a Titan G2 ChemSTEM Cs probe field emission transmission
electron microscope (FE-TEM) operating at 200 kV. The sample
preparation for FE-TEM was performed using a Hitachi NX5000
focused ion beam (FIB). The microhardness of the samples was
measured using the Vickers hardness method with a Emcotest
universal hardness tester (DuraScan-20-G5, Australia).

Thermoelectric measurement

Temperature-dependent resistivity and Seebeck coefficient were
measured from ambient temperature to 773 K using a ULVAC
ZEM-3 instrument with an error of 8%. The total thermal
conductivity was calculated based on k¢ = D X Cp, X p, where
D, Cp, and p are the thermal diffusivity, specific heat capacity,
and density, respectively. The thermal diffusivity was measured
using an ULVAC TC-9000H instrument with an error of 8%. The
electronic thermal conductivity is calculated using the Wied-
mann-Franz relation k. = ¢ X L x T, where o, L, and T are the
electrical conductivity, Lorenz number, and absolute tempera-
ture, respectively. The Lorenz number is determined by L = 1.5 +
exp[—|S|/116], where S and L have the units of uv K™ and 10~°
WQ K 2, respectively.’? The lattice thermal conductivity is ob-
tained by subtracting the electronic thermal conductivity from
the total thermal conductivity. The specific heat capacity was
derived by using the Dulong-Petit law (C}, = 3R/M) where R and
M are the gas constant and molecular mass per mole, respec-
tively. The density was obtained using Archimedes' method.
The Hall effect measurement was carried out using an Ecopia
HMS-3000H by the van der Pauw method under a reversible 0.55
T magnetic field to determine the carrier concentration and
mobility at room temperature.

This journal is © The Royal Society of Chemistry 2023
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Computational technique

Density functional theory calculations were carried out using
the Quantum ESPRESSO package.®® A generalized gradient
approximation functional and the Perdew, Burke and Erzenhoff
(PBE) pseudopotential was used.> A v/2 x v/2 x 2 supercell was
used to study the doped and pristine systems of cubic GeTe. For
rhombohedral systems, a 2 x 2 x 2 supercell was chosen. Fully
relativistic pseudopotentials which considered 4s°4p?,
4d"%5s%5p*, 3d'%s', 5d'%6s’6p® and 4d'%5s’5p' as valence
electrons of Ge, Te, Cu, Bi and In were used for the simulations.
A cutoff energy of 50 R, and a charge density of 400 R, were
chosen. Electronic structures of the relaxed supercells were
determined along the respective high symmetry paths in the
Brillouin zone for cubic and rhombohedral systems.

Results and discussion

To identify the crystal structure and the composing phase of the
sintered (Ge;_y_»Bi,Te; _,y)(CulnTe,), (x = 0, 0.05; y = 0, 0.005,
0.01, 0.02, and 0.03), X-ray diffraction (XRD) was conducted, and
the results are shown in Fig. 1a. All peaks of pristine GeTe are
indexed to the rhombohedral structure (PDF#47-1079, R3m
space group). After Bi doping, weak peaks at 27.3° and 45.3°
additionally appear, which are indexed to pure Ge precipitates
(PDF#65-9209). The excess Ge is precipitated due to the low
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formation energy of Ge vacancies (V(’;e)."""“'57 With increasing y,
CulnTe, compounds (PDF#81-1937, I42d space group) are
observed as the secondary phase. Fig. 1b shows that as the
content of dopants increases, the two peaks belonging to the
(024) and (220) planes become closer. This is due to the relax-
ation of the structure along the <111> direction after alloying,
making it conform to the cubic GeTe (PDF#52-0849, Fni3m
space group).***®

The calculated lattice parameters of
(Gey_x—2yBi,Te; _5))(CulnTe,), increase along the a and b axes
and decrease along the c axis, as shown in Fig. 1c and Table S1.}
The lattice parameters of pristine GeTe (@ = b = 4.169 Aand ¢ =
10.661 A) compared to those of (Geg goBig.05T€0.04)(CulnTe,)o 03
(a = b =4.201 A and ¢ = 10.577 A) are shown. This change can
be attributed to the bigger ionic radius of Cu* (0.96 A), In*" (0.81
A), and Bi*" (0.96 A) in contrast to that of Ge®" (0.73 A). The
expansion along the a and b axes and the contraction along the ¢
axis of the rhombohedral structure imply a transition toward
the cubic structure, which can also be confirmed with a refined
lattice constant (a,) and interaxial angle («;) based on a pseudo-
cubic unit cell (Fig. 1d and Table S17). After Bi doping, a; and oy
increase simultaneously. With increasing y, a; is maintained at
~5.998 A and o, gradually increases and gets close to ~89°. It is
confirmed that the structural symmetry of alloyed GeTe is
improved compared to that of the pristine sample.*>* This
increased structural symmetry from R3m to Fm3m induces
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Fig.1 (a) XRD patterns of (Ge;_,_»,Bi Te;_,,)(CulnTey), (x = 0 and 0.05; y = 0.005, 0.01, 0.02, and 0.03) samples. (b) Enlarged diffraction peaks
of (024) and (220) in (a). (c) Experimental lattice parameters of (Ge;_,_,,Bi,Te;_5,)(CulnTey),. (d) The refined lattice parameter and interaxial angle

based on a pseudo cubic unit cell.
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Table 1 Nominal composition and EPMA analyzed composition of the matrix of the sample

Samples

Nominal composition (at%)

EPMA analyzed composition (at%)

Geg.95Blg.05Te Ge,7 5Bl 5Teso

(Geo.03Big.05T€0.08)(CulnTes)o.01
(Geo.soBio.05T€0.04)(CulnTes)o.03

additional valence band convergence, contributing to the
increase in the Seebeck coefficient,**® which will be discussed
later.

The SEM image of the fracture surface of pristine GeTe is
displayed in Fig. S1,T clearly showing a herringbone structure,
which is a typical morphological characteristic of GeTe.*"*
Fig. S27 illustrates the SEM images and corresponding EDS

Gey6.5Bi2.5Cug 51N sTes0
Geyq.5BI; 5CUy 5Iny 5Teso

Gey7.93Bla 97TC49.10
Gey7Bi; 50CUg 571N 57T€40.34
Gey44.45B12.40CU4 73101 30T€50.04

mapping from the fracture surface. Fig. S2at shows that the
dark contrast phases in the SEM image are identified as Ge
precipitates in the (Geg o3Big.05T€0.05)(CulnTe,)y 0, Sample. In
Fig. S2b,t Cu and In are observed to be distributed in almost the
same region in the (Geg goBip.05T€0.04)(CulnTe,)o 03 Sample, and
the CulnTe, compound, which is also confirmed by XRD, is
observed to be located around the grain boundary.

CulnTe,

Fig. 2 Microstructure observation in the (Geg 93Big.osTe€0.98)(CulnTes)o.01 Sample. (a) Bright-field TEM micrograph, showing the herringbone
structures. (b) SAED pattern of rhombohedral GeTe along the [112] zone axis and the (c) corresponding HRTEM micrograph. (d) Inverse FFT image
showing dislocations. (e) Bright-field TEM micrograph, showing a GeTe matrix grain and dark CulnTe, precipitate. (f) HRTEM micrograph of the
red-square area in (e). GPA mappings from (c) along the (g) horizontal (e,,) and (h) vertical (e,) directions. (i) SAED pattern with GeTe and the

CulnTe; precipitate along the parallel zone axes.
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We performed quantitative analysis using EPMA to accu-
rately verify the composition of the samples, and the results of
point analysis are shown in Table 1. The EPMA results of the
analyzed samples were reasonable compared to the nominal
composition. In the matrices of (Ge.93Big.05T€0.05)(CulnTe,)o 01
and (Geg goBig.05T€0.04)(CulnTe,)g 03, Cu and In not involved in
the formation of CulnTe, precipitates are evenly distributed.
The results of the line scan between the matrix and precipitate
at (Geg goBig gsT€0.04)(CulnTe,)o 03 are shown in Fig. S3.t The
composition of the precipitate was ~28.26 at% Cu, ~21.92 at%
In, and ~42.77 at% Te, which was confirmed to be the CulnTe,
precipitate. This concurs well with the XRD results that CulnTe,
precipitates exist in the matrix. The small amount of Ge
detected in the CulnTe, precipitate is the Ge that is in the
matrix beneath the CulnTe, precipitate.

To deeply understand the resulting microstructure of the
(Geyp.03Bio.05T€0.08)(CulnTe,)o 01 sample, we implemented field-
emission transmission electron microscopy (FE-TEM). Fig. 2a
shows a low-magnification bright-field TEM microscopy image,
obviously exhibiting several herringbone structures composed
of many domains and colonies.®® This structure is manifested
by the disruption of Friedel's symmetry in the rhombohedral
structure.®*** The selected area electron diffraction (SAED)
pattern along the [112] zone axis is shown in Fig. 2b, where
there are split spots away from the transmitted beam (7), which
are attributed to the neighbouring domains. The corresponding
high-resolution TEM (HRTEM) micrograph in Fig. 2b identifies
the interplanar distances as ~0.21 nm and ~0.35 nm, respec-
tively, corresponding to the (220) and (111) planes. Fig. 2d
indicates the occurrence of dislocations distributed through the
inverse fast Fourier transformation (FFT) image in Fig. 2c. TEM-
EDS analysis, depicted in Fig. S4,f revealed that Fig. 2e shows

View Article Online
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a GeTe matrix and dark-contrast CulnTe, precipitates on the
right. Fig. S5bf shows the contrast-adjusted image for accurate
identification of the CulnTe, precipitate. Fig. 2f shows the
corresponding HRTEM micrograph of the red-square area in
Fig. 2e, depicting the phase boundary between the GeTe matrix
and CulnTe, precipitate. The geometric phase analysis (GPA) is
performed to investigate the strain distribution of the GeTe
matrix and CulnTe, precipitate.®**® The CulnTe, precipitate
appears to be characterized by a relatively higher ¢,, (horizontal
axis) and e, (vertical axis) than the GeTe matrix, as shown in
Fig. 2g and h. Such a nanoprecipitate with a difference in strain
from the matrix, strong point defects, etc. interrupts the
movement of phonons, which are the heat carriers, and
contribute to the reduction of k.. In addition, as shown in
Fig. 2i, the presence of CulnTe, is confirmed once again in the
SAED pattern showing the parallel crystal orientation relation-
ship between the GeTe matrix and CulnTe, precipitate. It can be
observed that the reflected spots spread around the transmitted
beam. This is due to the small difference in the lattice param-
eter between the GeTe matrix and CulnTe, precipitate, which is
illustrated with the schematic diagram in Fig. S6.}

The electrical transport properties of
(Gej_x_oyBiyTe; _»y)(CulnTe,), samples are given in Fig. 3.
Fig. 3a shows that the electrical conductivity generally decreases
with increasing temperature, indicating the degenerated semi-
conductor behaviour. But for y is =0.01, the electrical conduc-
tivity increases slightly at ~573 K. This is attributed to the
valence band switch between L and X points induced by the
second-order structural transition.***® In addition, this could be
explained by an attenuated band bending at the interface
between GeTe and CulnTe,, since the large Fermi level offset
between the two materials at room temperature almost vanishes
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Fig. 3 Temperature-dependent (a) electrical conductivity, (b) Seebeck coefficient, and (c) power factor of (Gey_._»,BiTei »,)(CulnTey),
samples. (d) Composition-dependent Hall carrier concentration and Hall mobility at room temperature. Carrier concentration-dependent (e)
Hall mobility in comparison with other reported data and (f) the Seebeck coefficient at room temperature.
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at around ~600 K.* The intrinsically high Ge vacancies in
pristine GeTe contribute to having a high electrical conductivity
value of 8400 S cm ™' at room temperature as shown in Fig. 3a.
With the doping of 5% Bi, the electrical conductivity decreases
to 2984 S cm ™, since Bi*" effectively suppresses the Ge vacan-
cies by providing an extra electron.*»*”*%% Further alloying of
CulnTe, compounds, which have an intrinsically low carrier
concentration (~10'® cm™?),%° reduces the hole carrier concen-
tration, leading to a gradual decrease in electrical conductivity
at room temperature to 1953 S em™ . Bi doping and CulnTe,
alloying can maintain the optimal carrier concentration (0.5-2.0
x 10%° cm™?) of GeTe-based materials from a doping content of
y =0.01, as depicted in Fig. 3d.*® In addition, Fig. 3e shows that
GeTe compounds in this work have relatively higher mobility
compared with those in previous reports.*>**”*”> This can be
elucidated by the reduced Ge vacancies and the similarity
between the electronegativity of Ge and Cu.**”

The Seebeck coefficient of (Ge;_,_,,Bi,Te;_,,)(CulnTe,),
samples is shown in Fig. 3b. The positive value of the Seebeck
coefficient manifests a p-type semiconductor with holes acting as
the majority charge carriers. The Seebeck coefficient is consid-
erably enhanced after Bi doping and CulnTe, alloying from
~36.7 WV K ! to ~131 uv K ' at room temperature. This is
a result of the reduced carrier concentration (Fig. 3d) and the
simultaneously increased effective mass (Fig. 3f). When the
dopant composition is increased, the carrier concentration
reaches an optimal level, and at the same time the effective mass
increases due to changes in the electronic structure, including
the hyperconvergence valence bands and the induced resonance
level, as will be explained in the following section. The effective
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mass of (Ge;_,_,,Bi,Te;_,,)(CulnTe,), samples is presented in
the Pisarenko plot calculated with the single parabolic band
(SPB) model. The effective mass increases from 1.42 m, of pris-
tine GeTe to 1.93 my, of the (Geyo1Bip o5Tep.06)(CulnTe,)o 0z
sample, where m, is the electron mass. The temperature-
dependent power factor is shown in Fig. 3c. Synergetically,
an enhanced power factor of ~23 pW ¢cm ™' K2 is obtained at
room temperature and ~41 uW cm~ " K> at 623 K in the
(Geo.03Bio.05Te0.08)(CulnTe,)o o1 Sample.

To better understand the improvement in the Seebeck
coefficient of the multi-doped systems we compared the elec-
tronic structure of pristine GeTe with that of the multi-doped
cubic system (Fig. 4a). We estimated a principal band gap of
0.26 eV at the I point in pristine GeTe due to the folding of the L
point of the primitive cell Brillouin zone onto the I" point of the
supercell Brillouin zone.” An energy gap of 0.20 eV and 0.19 eV
was also observed between the light (at the I" point) and heavy
(at the Z + ¢ point in the Z — R direction) carrier sub-bands in
the conduction and valence band regions, respectively, pre-
venting the contribution of the heavy carrier bands towards the
transport properties. A heavy hole band was also seen at the I +
¢’ point in the I' — X direction 0.06 eV below the valence band
maximum. The partial density of states (pDOS) reveals that the
valence band has a major contribution from the ‘p’ states of Te
atoms and the conduction band, from the ‘p’ states of Ge atoms
(Fig. 4b).

When Bi, In and Cu were doped simultaneously in GeTe we
observe a very interesting electronic structure (Fig. 4c).
Although we see a decrease in the energy gap at the I' point by
0.1 eV in comparison to that of pristine GeTe, several favourable

DOS (states/eV) £

Qo

)

[}
s

DOS (states/eV)

Fig. 4 Electronic structure and pDOS of cubic (a and b) GejgTesq; (c and d) GeysBilnCuTeye.
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features appear near the Fermi level. The heavy hole sub-bands
at the Z + 6 point in the Z — R direction and the I + ¢’ point in
the I' — X direction increase in energy to an energy higher than
that of the light hole valence sub-band at the I' point. Such
a phenomenon of hyperconvergence of valence sub-bands in
GeTe-based materials was observed previously only in the case
of Zn doping.” Even in the case of SnTe-based materials Zn was
one of the dopants wherein such a feature of hyperconvergence
of valence sub-bands was observed.”®”® This indicates that the
current combination of dopants is very unique and is able to
tune the electronic structure similar to a Zn dopant but with
additional features. Such a feature of hyperconvergence along
with the introduction of resonance states has previously been
known to cause a drastic increase in the Seebeck coefficient
even at lower temperatures aiding in an increase in the overall
ZT of the material.”*”® The pDOS of this multi-doped GeTe
composition shows a prominent increase in the DOS exactly at
the Fermi level due to the hybridization of ‘s’ orbitals of In along
with the ‘p’ orbitals of Ge and Te atoms (Fig. 4d). Unlike the case
of In resonance levels in SnTe where the resonance states are
formed by the hybridization of the resonant dopant atomic
orbital with the orbital of the anion, here we see the involve-
ment of the cation orbitals as well.” This is further confirmed
by analyzing the pDOS of In doped GeTe (Fig. S71).

To study the contributions of individual dopants we
analyzed the electronic structure of Bi, In and Cu doped GeTe
separately (Fig. 5). In Bi doped GeTe, we see that the eight-fold
degenerate conduction bands undergo splitting, and the
lowermost doubly degenerate band touches the valence band
maximum at the I' point with 0.27 eV gap between the

LAANS
o,
-‘»7//;:

v

View Article Online
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lowermost and the next set of conduction bands (Fig. 5a). The
appearance of such resonance levels in GeTe due to Bi doping
has been recently reported.*” The energy offset between the light
and heavy carrier bands also decreases to 0.11 eV and 0.17 eV
between the I and Z + 6 points in the Z — R direction in the
conduction and valence band regions. Similarly, when In is
doped in GeTe, the eight-fold degenerate bands split with the
uppermost doubly degenerate bands touching the conduction
band minimum with an energy gap of 0.25 eV between the split
bands at the I' point (Fig. 5b). Here, we observe an energy offset
of 0.21 eV and 0.04 eV between the light and heavy carrier sub-
bands in the conduction and valence band regions. The pres-
ence of resonance levels is confirmed in the DOS plot in the
form of a prominent hump near the Fermi level (Fig. 5d).
Doping of Cu in GeTe, on the other hand, decreases the prin-
cipal band gap to 0.18 eV, with an increase in the valence band
energy offset between the I" point and the Z + 6 point in the Z —
R direction and the I' + ¢’ point in the I' — X direction to 0.25 eV
and 0.07 eV (Fig. 5¢c). But it increases the energy of the bands at
the M point leading to an energy difference of 0.17 eV from the
valence band maximum at the I' point compared to 0.45 eV in
the case of pristine GeTe. Similarly, bands in the R — Z direc-
tion increase in energy with an energy difference of 0.15 eV
between the A + 6" point in the A — Z direction and the valence
band maximum at the I' point. These features get more
pronounced in the multi-doped GeTe, wherein the bands at the
M point lie 0.08 eV above the valence band maximum at the I
point and 0.162 eV at the A + §” point in the A — Z direction
revealing the impact of the right combination of dopants in
aiding hyperconvergence. Similar features of the appearance of

3 16
— Ge InTe

— Ge,CuTe,
— Ge,,BilnCuTe,

Fig. 5 Electronic structure of cubic (a) GeisBiTesq; (b) GeisinTess; (c) GeisCuTeqq; (d) Total DOS of undoped and doped configurations.
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resonance levels and hyperconvergence of valence sub-bands
are observed in the electronic structure and pDOS of the
rhombohedral phase of multi-doped GeTe in comparison to
that of pristine GeTe (Fig. S87).

Fig. 6a shows a plot of the temperature-dependent total
thermal conductivity of (Ge;_,_,,Bi,Te;_,,)(CulnTe,), (x = 0,
0.05; y = 0, 0.005, 0.01, 0.02, and 0.03) samples. The total
thermal conductivity of pristine GeTe decreases with increasing
temperature until 673 K. Above 673 K, the total thermal
conductivity increases because pristine GeTe undergoes
a ferroelectric phase transition, accompanying the structural
relaxation along the <111> direction.** With increasing x and y,
the transition temperature decreases, indicating the expansion
of the cubic structure region. Furthermore, the total thermal
conductivity at room temperature significantly decreases from
~7.36 Wm ' K" of pristine GeTe to ~1.64 W m ' K" of the
(Geg.01Bip.0sTeq.06)(CulnTe,)o 0, sample. This remarkable
decrease is largely due to the decrease in electronic thermal
conductivity (Fig. 6b) and partly due to the decrease in the
lattice thermal conductivity (Fig. 6¢). The reduction in elec-
tronic thermal conductivity is due to the reduced charge carrier
concentration caused by the Bi doping and the CulnTe, alloy-
ing, which result in lower electrical conductivity.

The lattice thermal conductivity reduces from ~1.82 W m"™
K of pristine GeTe to ~0.84 W m ' K ' of the
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(Geo.01Big.0sT€g.06)(CulnTey)g 0, sample. A minimum lattice
thermal conductivity of ~0.34 Wm ™' K™ is obtained at 623 K in
the (Geg.93Big.05Te0.05)(CulnTe,)y 01 sample, which is near the
amorphous limit of ~0.33 W m~" K~ '.* This decline in lattice
thermal conductivity is ascribed to increased phonon scattering
induced by point defects and phase boundaries, as shown in
Fig. 2f, between the matrix and CulnTe, precipitate. Further
insight is gained from the phonon frequency-dependent spec-
tral lattice thermal conductivity shown in Fig. 6d calculated
using the Debye-Callaway model,*-* which includes scattering
by intrinsic normal (N) and Umklapp (U) processes as well as
extrinsic scattering by grain boundaries (GB), point defects
(PD), and CulnTe, nanoprecipitates (NP) after Bi doping and
CulnTe, alloying. The detailed methods and parameters are
presented in the ESL.T The spectral lattice thermal conductivity
decreases with increasing point defects introduced by the
various dopants, especially at a high f/f, ratio, where fand f;, are
the phonon and Debye phonon frequency, respectively.
However, the effect of nano-precipitates appears to be dominant
at a low f]fp, ratio and ineffective at a high f/f;, ratio. Unfortu-
nately, the lattice thermal conductivity gradually increases
when the doping composition is increased in the (Geg 91Big.s5-
Tey.06)(CulnTe,)g 0z and (Geo.goBig.05T€0.04)(CulnTes)g 03
samples. This abnormal increase is due to the increased size
and density of CulnTe, precipitates (Fig. S27) in the matrix and

6
(b)
5k
PR
£
3
=
o
¢ 2}
1k
300 400 500 600 700 800
Temperature (K)
12
(d) ]

K, (W m K

U+N+GB
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U+N+GB+PD(Bi+Cu+in)+NP
0+ r r . .

0.0 0.2 0.4 0.6 0.8 1.0
tf,

Fig. 6 Temperature-dependent (a) total thermal conductivity, (b) electronic thermal conductivity, and (c) lattice thermal conductivity of
(Gey_x_2,BiyTe;_,)(CulnTey), samples. (d) Calculated spectral lattice thermal conductivity as a function of phonon frequency (f) based on various
phonon scattering processes including the normal process (N), the Umklapp process (U), grain boundaries (GB), point defects (PD), and

nanoprecipitate (NP) at 300 K.
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Fig. 7 (a) Temperature-dependent ZT of (Ge;_,_,,BiTe;_»/)(CulnTe,), samples and (b) the average ZT value with other reported GeTe
compounds. (c) The ZT¢ng values and (d) nmax values of (Ge;_,_,,Bi Te;_5,)(CulnTe,), samples.

the difference in the k. between the precipitates and the host's
matrix. The ke of CulnTe, (~6 W m™~" K™ ) is significantly
higher than that of the (Gego3Big.os5T€0.08)(CulnTe;)o 01
sample.®8+%

Consequently, the peak ZT value of ~2.16 at 623 K is ob-
tained in the (Gey.93Big.05T€0.05)(CulnTe,)q 01 Sample as depicted
in Fig. 7a, due to the comprehensive contribution of the opti-
mized carrier concentration, hyperconverged electronic struc-
ture, and all-scale hierarchical phonon scattering by Bi doping
and CulnTe, alloying. At room temperature, the ~0.38 value of
the (Geg.93Big.05Te0.05)(CulnTe,)y 0, Samples is almost 7 times
higher than the ~0.05 value of pristine GeTe. For practical
applications as a thermoelectric device or module, a high
average ZT (ZT,y) over the entire operating temperature range is
also essential. The ZT,, is calculated by using ZT,,, = Z{(Ty, +
T.)/2} and ranges from 300 K to 773 K.* The obtained ZT,,
value ~1.42 of the (Geg.o3Big.o5T€0.05)(CulnTe,)y o1 is signifi-
cantly higher than those of previously reported Pb-free GeTe
compounds, as shown in Fig. 7b.°**”* To more accurately
predict the actual performance of a thermoelectric material at
a given temperature difference, Fig. 7c and d indicate ZT,s and
Nmax(ZTeng) calculated by the method proposed by Kim et al.*
for the (Ge;_,_,,Bi,Te;_,,)(CulnTe,), (x = 0, 0.05; y = 0, 0.005,
0.01, 0.02, and 0.03) samples, which are dependent on
a temperature difference (AT), and T, is fixed as 300 K in the
calculation. For the temperature difference AT = 473 K, the

This journal is © The Royal Society of Chemistry 2023

maximum ZT.,, of the (Geg 93Big.05T€o.05)(CulnTe,)o o1 sSample
is calculated to be ~1.1, which is an increase of ~250% and
~50% compared to ~0.31 for pristine GeTe and ~0.73 for
Geg 95Big 05Te, respectively. Moreover, Nmax(ZTeng) is predicted
to be as high as ~15.4% in the (Geg.93Big.05T€0.98)(CulnTe,)o 01
sample for the temperature difference AT = 473 K.

A thermoelectric material also requires sufficient mechan-
ical stability. Vickers microhardness of the
(Gey_x_2yBi,Te; ,))(CulnTe,), (x = 0, 0.05; y = 0, 0.005, 0.01,
0.02, and 0.03) samples was measured and is depicted in Fig. 8a.
Pristine GeTe exhibits a value as low as ~134 Hv, similar to that
previously reported, due to the high concentration of Ge
vacancies.® Geg o5Big gsTe and (Geg.94Bip.05T€0.00)(CulnTe,)o 005
exhibit values of ~193 Hv and of ~195 Hyv, respectively, whereas
(Geo.03Big.05T€0.08)(CulnTes)o.01, (G€o.01Bio.05T€0.96)(CuInTes)o. 02
and (Geg goBig.05T€0.01)(CulnTe,), 03 achieve very high values of
~230 Hv, ~277 Hv, and ~268 Hyv, respectively. The improved
mechanical strength is due to the dense point defects, the
optimally reduced Ge vacancy concentration (Fig. 3d), and the
strain induced by dislocations and CulnTe, nanostructures
(Fig. 2d, g, and h) with increasing dopant concentration. Fig. 8b
shows the Hv values of our pristine GeTe and the (Geg 91Bi.s-
Tep.06)(CulnTe,) o, sample compared with the previously re-
ported values of GeTe compounds,***>°+*> and it can be seen
that the (Geg 91Bip.05T€0.06)(CulnTe,)o 0o sample value is super
high.
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Fig. 8 (a) Vickers hardness values of (Ge;_,_»,Bi Te;_5/)(CulnTe,), samples and (b) compared with those of other reported GeTe samples.

Conclusions

In this study, the simultaneous addition of Bi and CulnTe, to
GeTe successfully adjusts the carrier concentration to an optimal
level. The electronic structure calculations reveal the possibility
of hyperconverged valence sub-bands and induced resonance
levels. As the Seebeck coefficient increased, the power factor
starts at ~23 uW cm~ ' K2 at room temperature and peaks at 623
K with a value of ~41 pW ecm™' K 2 in the (Geg o3Big.05T€0.08)(-
CulnTe,)y 0, sample. The lattice thermal conductivity also
decreased towards the amorphous limit. As a result, a peak ZT of
~2.16 at 623 K and a ZT,,, of ~1.42 from 300 K to 773 K were
obtained in the (Gey.93Big 05T€0.05)(CulnTe,)y 01 sample. A record
high Vickers hardness value of ~277 Hv was obtained in the
(Gep.01Bio.05Tep 96)(CulnTe,)y o, SaMple.
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