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A dual step approach of decreasing the thermal conductivity and improving the power factor by using
two different dopants has shown great promise in the development of high performance
thermoelectrics. In this work, we dope Ge, which is well known to decrease the thermal conductivity of
SnTe. Later, to this, we co-dope Zn to simultaneously improve the power factor. Zn, in the presence of
Ge, introduces resonance levels, thus distorting the density of states near the Fermi level, improving the
room temperature performance. In addition, it is also able to increase the band gap, thus preventing
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1. Introduction

Thermoelectric materials and devices have become the heart of
the energy conversion systems due to the rising demand for
green energy technology. These materials provide solutions to
the environmental crisis and energy needs by scavenging waste
heat and converting it into electric current without release of
harmful byproducts."® The extent to which a material can
convert temperature difference into electric potential is decided
by the figure of merit z7."° Research on SnTe- and GeTe-based
materials has opened new avenues to develop a potential replace-
ment for toxic PbTe-based thermoelectric materials.**>*® SnTe, a
rock salt analogue of PbTe, initially thought to be a poor thermo-
electric material due to high carrier concentration and unfavorable
electronic structure, is now at the forefront due to implementation
of strategies like electronic structure and phonon band structure
engineering to improve the power factor, while simultaneously
decreasing the thermal conductivity.'®*>

The Seebeck co-efficient of a material is directly proportional
to the density of states (DOS) effective mass (m*), which is a
product of band effective mass (my,) and number of degenerate
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valleys (N,). Apart from high carrier concentration that
increases the electrical and electronic thermal conductivity, a
low Seebeck co-efficient resulting in poor thermoelectric per-
formance arises due to the lower DOS effective mass due to
non-participation of heavy hole valence bands in the transport
due to higher energy offset between the light hole and heavy
hole valence sub-bands. In order to decrease this energy-offset
and increase the band degeneracy, several dopants such as Ag,
Ca, Cd, Mg, Mo, V, and W have been used."*'®3° These
dopants are also known to increase the band gap of SnTe
leading to inhibition of the bipolar effect. The band effective
mass (myp) is also increased by distorting the DOS near the
Fermi level by the addition of resonant dopants like In, Zn and
Bi.*'® Among these, Zn is known to push the heavy hole
valence band above the light hole valence band leading to its
contribution for a broad temperature range.'>'®?*3¢ On the
other hand, dopants like Pb, Cu and Ge are used to decrease the
thermal conductivity of SnTe.*”*>

A dual step approach by decreasing the thermal conductivity
by addition of Pb and improving the power factor by addition of
a band convergent or a resonant dopant has been tried recently
to improve the thermoelectric properties of SnTe leading to a
record high room temperature z7' of 0.35 at 300 K and a
ZTayerage Of 0.9 between 300 K and 840 K in Pb and Zn co-doped
SnTe.***" But due to the toxic nature of lead, finding an
alternate set of co-dopants to induce the same beneficial
features is of utmost importance. Herein, we use Ge alloying
to reduce the thermal conductivity of SnTe and Zn to improve
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its power factor and study the electronic structure modifica-
tions. The simulated configuration of SngGesZnTe,s shows the
introduction of resonance levels along with increased band gap
and an interesting feature of a perfect convergence of light and
heavy hole valence bands achieved for the first time in SnTe-
based materials. The promising results obtained from
transport property calculations make this material worth inves-
tigating experimentally.

2. Computational details

We simulated the electronic structures of SnTe, Ge-doped SnTe
and Ge-Zn co-doped SnTe using the Quantum ESPRESSO
package based on density functional theory (DFT).* A (/2 x
J2 x 2)a, supercell was constructed with 32 atoms. DFT
calculations were performed using relativistic pseudopotentials
with the generalized gradient approximation to exchange the
correlation energy with a functional type of Perdew-Burke-
Erzenhoff (PBE).** As the atomic numbers of the elements
involved were high, spin orbit coupling interactions were taken
into consideration. The pseudopotentials considered
(4d™°5s%5p?), (4d"°55%5p*), (3d"°4s®4p?) and (3d"%4s%) as valence
electrons in Sn, Te, Ge and Zn. Plane wave basis was used to
represent the wavefunctions and the total energies were calcu-
lated for the fully relaxed supercells. 50 Ry and 400 Ry were
used as cutoff values for the energy and charge density of
the wavefunctions. A mesh of 14 x 14 x 10 k points was used
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for the calculations. Electronic band structures were deter-
mined along the M-I'-Z-R-A high symmetry path of the
Brillouin zone.

3. Results and discussion

The band structure of a material plays a major role in its
transport properties.'®*® The electronic structure of SnjsTe;q
displays a direct band gap of 0.08 eV at the I' point; energy
offsets of 0.30 eV and 0.24 eV were observed between the light
hole and heavy hole valence bands and light electron and heavy
electron conduction bands, respectively (Fig. 1(a))."*?° This
explains the poor performance of the material due to non-
participation of heavy carrier bands at Z + § in the Z — R
direction at lower temperatures and the onset of bipolar diffu-
sion at higher temperatures due to the very small band gap.
Due to the high carrier concentration as a result of Sn vacan-
cies, SnTe is known to have high electronic thermal conductiv-
ity. This in addition to the high lattice thermal conductivity
leads to high total thermal conductivity. In the quest for
obtaining a lead-free high performance thermoelectric mate-
rial, we alloy Ge in SnTe. We simulated a configuration of
Sn,,GeeTeq6, Which translates into ~37% alloying of Ge in
SnTe experimentally, higher than the ~30% alloying of Pb used
in the case of previous dual step approaches.?>*° As the lattice
mismatch is higher in the case of Pb doping to achieve similar
defect scattering, a higher amount of Ge is essential. Although
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Fig. 1 Electronic structures of (a) SnigTese, (b) SnipGegTers and (c) SngGegZnTeye. (d) DOS plots of all three configurations. The appearance of a hump
near the Fermi level in the DOS plot indicates the formation of a resonance level in SngGegZnTe 6. The energy levels are shifted with respect to the Fermi
level, which is set to zero. The L point of the primitive cell folds onto the I' point and the X point folds onto the Z + ¢ in the Z — R direction in the current

supercell.
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alloying of Ge decreases the thermal conductivity as reported
previously, it deteriorates the power factor at higher tempera-
tures due to the bipolar effect.*® The electronic structure reveals
a negligible band gap, which results in the diffusion of minority
carriers across the band gap decreasing the Seebeck values at
higher temperatures (Fig. 1(b)). In addition, these carriers also
transport heat leading to an increase in the bipolar thermal
conductivity as in the case of TCI material Pb;,Sn¢Te;q.***” The
p-type transport is further affected as the energy gap between
the valence sub-bands at the I" and Z + ¢ point further increases
to 0.35 eV. The increase in the separation of the valence sub-
bands in the case of Ge alloying is seen to be higher than that in
the case of Pb alloying reported previously.*!

Hence, in order to improve the power factor, we introduced
Zn into the above system. The electronic structure of
SnyGesZnTe, reveals a band gap of 0.12 eV at the I' point
(Fig. 1(c)). The interesting feature here is the perfect conver-
gence of light and heavy hole valence bands never achieved
before via any other dopant combination leading to the parti-
cipation of 16 degenerate valleys (4 from I" point and 12 from
Z + ¢ point) in the transport at room temperature. This increase
in the number of degenerate valleys (N,) increases the effective
mass of the carrier without effecting the carrier mobility." It is
also observed that the energy-offset between the conduction
sub-bands decreases from 0.20 eV in Sn;,GegTe 6 to 0.13 eV in
SnyGegZnTe,¢ enabling a better performance in a Fermi level
tuned n-type scenario.”>*” The comparison of the total DOS
reveals a peak closer to the Fermi level indicating the formation
of a resonance level in Ge-Zn co-doped SnTe (Fig. 1(d)).*>>®
This resonance level appears to cap the valence band edge at
the I' point, primarily formed from the uppermost doubly
degenerate valence band. Doping of Ge results in the breaking
of eight-fold degenerate bands into a four-fold band and two
sets of doubly degenerate bands all lying within ~0.3 eV of
each other. Co-doping of Zn leads to further splitting of the
topmost 4-fold degenerate band into two sets of doubly degen-
erate bands with the uppermost one forming the resonance
level. The difference in the electronic structure of the previously
reported Pb-Zn co-doped system and Ag/Ca/Mg-Zn co-doped
system with the present Ge-Zn co-doped system is that
although Zn introduces p-type resonance levels leading to
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distortion in the DOS in all the cases mentioned, in the
previously reported cases it led to hyperconvergence of the
heavy hole valence bands, while in the present case it leads to
perfect convergence.'®*® This indicates that the effect of a
dopant in engineering the electronic structure depends pre-
dominantly on the presence of other co-dopants in the system.
Hence, the present work not only reports a lead-free combi-
nation of dopants to improve the thermoelectric properties of
SnTe, but also reports a new approach to achieve perfect
convergence, highlighting the significance of the co-dopant in
electronic structure engineering.

When we projected the atomic orbitals onto the DOS, we
observed that in the case of both Sn;,GesTe;s and
SnyGesZnTe, s the valence band is primarily formed by the Te
‘p’ orbitals, while the conduction bands by Sn ‘p’ orbitals
similar to SnTe (Fig. 2).** Furthermore, Ge alloying leads to
the conduction band edges formed typically out of ‘p’ states of
Ge. Substitutional doping of Zn in the Sn site leads to an
increase in DOS near the Fermi level resulting in the formation
of deep defect levels around ~ 0 eV and hyper-deep defect levels
~—4.5 eV.>® The formation of resonance levels is known to
improve the room temperature Seebeck values resulting in
improved average ZT throughout the temperature range.>**°

We studied the transport properties, namely the electrical
conductivity ‘c’, Seebeck co-efficient ‘S’, power factor ‘cS* and
thermal conductivity ‘x’ as a function of chemical potential ‘i’
using the Boltztrap code.*® A rigid band and a constant
scattering time approximation were considered during the
study in the temperature range of 300 to 800 K as reported
previously.>*?%*! Using eqn (1) and (2), we determined the
electrical conductivity and the Seebeck coefficient.?*
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where o and f§ are the Cartesian indices, Q is the unit cell
volume, f, is the Fermi-Dirac distribution function of the
carriers and X, is the transport distribution function.3%*°
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Fig. 2 pDOS of (a) Sn10GegTess and (b) SngGegZnTes. The energy levels are shifted with respect to the Fermi level of the configurations, which is set to

zero.
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Fig. 3 (a) DOS, (b) thermal conductivity (inset: electrical conductivity), (c) Seebeck co-efficient and (d) power factor of SngGegZnTe;g as a function of

chemical potential (1) at various temperatures. The conductivity and power factor values are reported by scaling them with z.

We observe the decrease in the intensity of the resonance
peak with increase in the temperature, which is a classic sign of
the diminishing resonance effect due to the increase in the
relaxation time of the resonant impurity scattering in compar-
ison to the acoustic phonon scattering (Fig. 3(a))." While ‘¢’
does not seem to vary much with the temperature change, ‘x’ is
seen to increase with increase in temperature with higher
values for positive potentials (Fig. 3(b)). As we move from
negative potential representing p-type doping to positive
potential representing n-type doping, the sign of the ‘S’ value
changes from positive to negative (Fig. 3(c)).>**° Fig. 3(d) shows
four prominent peaks in ‘cS> values with two each on either
side of the Fermi level indicating that the material could be
tuned to act as either p-type or n-type depending on where the
Fermi level resides.*'

While the perfect convergence of valence sub-bands and
distortion in DOS leads to an improved p-type material, the
convergence of conduction sub-bands leads to a potential
n-type material in SnTe by tuning the Fermi level.’® These
features in addition to the increased band gap showcase the
perfect tuning of the electronic structure due to co-doping of Ge
and Zn in SnTe. Zn, which is well known to cause hyperconver-
gence, deviates from its regular behavior in the presence of Ge.
This feature points towards the fact that the right combination
of dopants is highly essential to achieve the desired
properties.>*?®*" In addition, the co-doping strategy is also
known to decrease the thermal conductivity due to the
increased scattering of phonons."®*%*° Since both SnTe and
GeTe have inherent cation vacancies, self-compensation in the

5944 | Mater. Adv, 2022, 3, 5941-5946

form of addition of excess Sn/Ge is well known to tune the
carrier concentration.>***' Hence, this work promotes an
experimental study on SnTe by alloying 40 mol% Ge (3 mol%
to reduce the vacancies and 37% for achieving the desired
configuration mentioned in the theoretical study) with up to
6 mol% Zn doping to realize a high performing thermoelectric
material free from toxic lead.

4. Conclusions

Herein, we use a dual step approach of Ge doping to reduce the
thermal conductivity of SnTe and Zn doping to improve its
power factor. We see that apart from increasing the band gap
and the introduction of resonance levels, Zn in the presence of
Ge as a co-dopant enables a perfect convergence of light and
heavy hole valence sub-bands. While distortion of the density of
states near the Fermi level by Zn increases the room temperature
Seebeck values, increase in the band gap prevents the early onset
of the bipolar effect, thus increasing the Seebeck values at high
temperatures also. The perfect convergence of the valence bands
leads to an increase in the number of valleys contributing to
the transport throughout the temperature range. The electronic
structure reveals the potential of the unique combination of Ge
and Zn dopants in SnTe in thermoelectric applications, which is
further supported by the Boltzmann transport calculations. Thus,
this work acts as a new approach for producing lead-free thermo-
electric materials with promising thermoelectric properties, which
is worth exploring further experimentally.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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