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Electronic structure engineering of tin telluride
through co-doping of bismuth and indium for
high performance thermoelectrics: a synergistic

effect leading to a record high room temperature
ZT in tin telluridey
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The ever increasing demand for alternative clean energy sources has led to intense research towards the

optimization of thermoelectric performance of known systems. In this work, we engineer the electronic

structure of SnTe by co-doping it with Bi and In. The co-doping not only results in the formation of two

different resonance states and a reduced valence band offset, as in the case of previously reported
co-doped SnTe, but also leads to opening of the band gap, which otherwise was closed in the case of
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Bi and In doped SnTe configurations, leading to suppression of bipolar diffusion. The synergistic action
of all these effects leads to an increased Seebeck co-efficient throughout the temperature range and a
ZTmax Of ~1.32 at 840 K. This strategy of co-doping two different resonant dopants resulted in a record

high room temperature ZT of ~0.25 at 300 K for SnTe based materials. This work suggests that appropriate

rsc.li/materials-c

1. Introduction

Thermoelectric (TE) materials with the potential to convert
waste heat into electricity have made a name in clean energy
sources.'™ Metal chalcogenides, particularly lead-free SnTe,
have been recently sought after for resolving the world-wide energy
crisis due to their tunable TE properties.”>* The dimensionless
figure of merit, ZT, which is given by ZT = ¢S*T/k, where ¢ is
electrical conductivity, S is the Seebeck co-efficient and « is total
thermal conductivity, governs the TE efficiency of a material. The
conflicting nature of the terms involved makes optimization of ZT
a tricky problem. Hence, there is an urgent need to develop
strategies to either come up with new materials with intriguing
properties or improve the properties of the existing TE materials.””

Although SnTe on its own has a very small value for ZT,
various strategies have been implemented in the past to
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combination of dopants to engineer the electronic structure of a material can lead to unpredictable results.

improve its efficiency for application as a TE material." Doping
and co-doping of various elements for carrier concentration
optimization, electronic structure engineering and nanostructuring
have been implemented to improve the power factor as well as to
decrease the total thermal conductivity of the material.> Co-doping
of SnTe with Ag-In, Ca-In, Cd-In, Hg-In, Mg-In, and Mn-In has
been particularly useful as it is able to simultaneously introduce a
resonance level as well as decrease the energy difference between
valence sub-bands, which synergistically leads to an enlarged ZT of
about ~1.65 at 840 K in the case of Ca-In co-doped SnTe, which is
by far the maximum value in the case of SnTe based materials.®**
Although in the above mentioned cases doping of M (M = Ag, Ca,
Cd, Hg, Mg, and Mn) individually in SnTe enlarges the band
gap, co-doping of M and In generally decreases or completely
closes the band gap. However, it may be noted here that the
effect of co-doping two resonant dopants has not been reported.

Bi doping in SnTe is known to modulate the carrier concentration
of SnTe and enhance the S values while In is known to introduce a
resonance level and thereby improve the S values.'>'® Herein, we
study co-doping of Bi and In in SnTe and its effect on the TE
properties both theoretically and experimentally. The effect of
co-doping Bi-In in SnTe on the electronic structure was studied
using first principles density functional theory (DFT) simulations.
Bi-In co-doped SnTe was prepared through sealed tube melting
reactions keeping the ratio of Bi to In as 2:1 (see the ESIt for
details on methods).
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2. Results and discussion

The first principles DFT calculations of the electronic structure
of a 2 x 2 x 1 supercell of SnTe revealed a direct band gap of
0.081 eV with conduction and valence band edges symmetric
through the gap at the Z point and an energy difference of
0.263 eV between the light hole (at the Z point) and the heavy
hole (at the M + J point along the M — I" direction) valence sub-
bands (Fig. 1a). The valence band is primarily constituted by Te
‘p’ orbitals while the conduction bands have a predominant
Sn ‘p’ character (Fig. S1, ESIT). Fig. 1b shows the electronic
structure of Sn,sInTe;, wherein the valence band maximum
(VBM) splits off as resonance levels and shuts down the band
gap, as well documented in the previous literature.>® The
appearance of a hump within the valence band in the density
of state (DOS) plot due to the In ‘s’ orbital confirms the presence
of the resonance level (Fig. S2, ESIT)."® The hybridization between
the In ‘s’ orbital and Te ‘p’ orbitals in the ‘deep defect states’
appearing at the Fermi level around ~ 0 eV and ‘hyperdeep defect
states’ appearing around ~ —5.5 €V can be clearly seen in Fig. S1
and S2 (ESIt) showing the dramatic change in the appearance of
the Te ‘p’ orbitals in the presence of In. The electronic structure
of Sn;sBiTe;s reveals that doping of Bi in SnTe disturbs the
degeneracy of the conduction band minimum (CBM) and the
impurity induced band appears as resonance states and closes
the band gap at the Z point (Fig. 1c). This observation of
shutting down the band gap agrees very well with the previously
reported Bi doped SnTe.'” The impurity induced band appears
as a hump below the CBM in the DOS plot due to the
contribution from the Bi ‘p’ orbitals (Fig. S2, ESIt). We see that
the Fermi level lies in the conduction band, making it an n-type
material.'” This nature of Bi impurity induced resonance states
is seen in the case of PbTe also.'® We see that in SnTe, the
resonance states introduced by ‘p’ valence electron impurities
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Fig. 1 Electronic structure and DOS of (a) SnigTeis, (b) SnisinTesq,
(c) SnysBiTesq, and (d) Sni4BilnTese. The principal band gap occurring at
the L point folds onto the Z point and the heavy hole valence band
occurring at the 2 point folds on the M + ¢ point along the M — I’
direction due to the dimensions of the supercell (2 x 2 x 1) used. The
resonant states can clearly be identified in the form of humps in the
respective DOS for the doped and co-doped configurations.
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are rather broader than that of the ‘s’ valence electron impurities,
as in the case of PbTe."®* When Bi and In are simultaneously
co-doped in SnTe, we see an unexpected change in the electronic
structure. The electronic structure of Sn,,BilnTe;s shows the
presence of resonance levels due to both Bi and In (Fig. 1d). It
also reveals that the initially eight fold degenerate band (due to
spin orbit coupling) of SnTe splits into four two-fold degenerate
bands due to the co-doping of In and Bi. Prominent humps are
seen in the DOS plot, which could be matched with the contribution
from the In ‘s’ orbital for the resonance states closer to the VBM and
that from the Bi ‘p’ states for the resonance level near the CBM
(Fig. S3, ESIT). Here also we see contributions from the Te ‘p’
orbitals to the localized bands due to the hybridization as in the
individual doping cases (Fig. S1, ESIt). The interesting feature to
be noted here is that although both Bi and In when individually
doped close the band gap of SnTe, when co-doped, the principal
band gap at the Z point increases to 0.096 eV. In previously
reported Ag-In and Ca-In co-doped SnTe, the principal band
gap, which is enlarged due to Ag/Ca doping, shuts down when
co-doped with In.®° Although there is a large increase in the
band gap due to doping of Cd/Mn in SnTe, co-doping it along
with In resulted in the decrease of the band gap.'®'* Previously,
when Ag was co-doped along with Bi in SnTe, there also we saw
that the impurity induced band due to Bi got pulled down so
much lower that it resulted in a larger overlap with the valence
band despite Ag having the ability to increase the band gap.'” To
the best of our knowledge, this is the first case where we see that
co-doping of Bi and In enlarges the band gap in the co-doped
configuration. When co-doping of Bi and In is done in a 2:1
ratio, viz. Sny3BiInTe,s, we see that the band gap further
enlarges to 0.2 eV (Fig. 2). This shows that the right combination
of co-dopants is essential in order to enlarge the band gap since
a larger band gap is very much essential to counteract the
detrimental effect of bipolar diffusion on the Seebeck as well
as thermal conductivity values. When the ratio of Bi and In is
changed from 1:1 to 2:1, we see that the edges of light and
heavy hole valence sub-bands approach each other further with
the energy difference decreasing to 0.068 eV for the 2:1
configuration from the calculated value of 0.145 eV for the
1:1 configuration. Due to the above said facts, the 2:1 ratio
for co-doping was maintained during the synthesis of samples.
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Fig. 2 Comparison of (a) electronic structures and (b) band gaps (solid
bars) and energy differences between light and heavy hole valence subbands
(checkered bars) of SnigTers, SN14BilnTeg and SnyzBisxinTes. The increase in
the band gap and the decrease in the energy offset of valence subbands are
clearly seen in the electronic structure as the Bi—In ratio changes from 1:1to
2:1. In the electronic structure, the energies are shifted with respect to the
energy of the valence band maximum (VBM), which is set at zero.
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Fig. 3 (a) Powder XRD pattern; * in the uppermost panel indicates peaks
due to Bi precipitates. (b) Variation of lattice parameter ‘a’ of Sn;_3,Bi,,In,Te
versus dopant concentration ‘x’. TEM images of (c) Sng 94Bio 04/No.02Te and
(d) Sng.91Bio.0slNo.03Te showing nanoparticle formation when x = 0.03. The
scale in 'c’ measures 50 nm and in ‘d" measures 20 nm. The percentage
elemental composition of the area marked in the yellow circle is given in
Table S1 (ESIT).

Fig. 3a reveals the powder X-ray diffraction pattern of
Sn; _3,Bi,In,Te (x = 0.00 to 0.03), which could be indexed to
the face centered cubic structure of sodium chloride (space
group Fm3m). For the x = 0.03 composition, deviation from a
single phase is observed as we see extra peaks appearing that
could be indexed to a Bi precipitate. Since the ionic radius of
Bi*" is higher than Sn>* by 0.03 A and that of In is comparable
to Sn, we see a linear increase in the lattice parameter for the
co-doped compositions (Fig. 3b).” The TEM images reveal that
for the x = 0.03 composition, Bi precipitates (around 2-10 nm in
size) start appearing that are absent at lower concentrations of
doping (Fig. 3¢, d and Fig. S4, ESIT). The elemental composition
for various spots encircled in the TEM image, obtained via
energy dispersive spectrometry (EDS), is given in Table S1 (ESI¥).

Electrical conductivity values of Sn;_3,Bi,,In,Te as a function
of temperature and doping concentration were observed to
decrease (Fig. 4a). The decrease with respect to the increase in
the temperature is due to the degenerate semiconducting nature
while the decrease in value with an increase in the dopant
concentration is due to the decrease in the carrier concentration
from 4.1 x 10*° ecm " (x = 0.00) to 2.9 x 10*° cm™® (x = 0.03). The
formation of resonance states by both Bi and In, opening of the
band gap and approaching of the valence sub-band edges
towards each other as revealed by the DFT calculations have a
profound impact on the Seebeck co-efficient values (Fig. 4b).
The room temperature values of § increase from 36 uvV K *
(x=0.00) to 107 uV K~ * (x = 0.03) and a maximum of 198 pv K"
at 840 K is reached for x = 0.03. Comparison of the room
temperature values of S with the Pisarenko plot reported by
Zhang et al. (Fig. S5, ESIt) reveals that the S value for pristine
SnTe falls exactly on top of the line while those of the co-doped
samples are much higher than the predicted values."® This is
attributed to the increase in band effective mass due to the
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Fig. 4 Variation of (a) electrical conductivity, (b) Seebeck coefficient,
(c) thermal conductivity, and (d) ZT with temperature in Sn;_3,Bix.In,Te.
The positive value of the Seebeck coefficient reveals that holes are the
majority carriers leading to p-type conduction in the material.

resonant states introduced by both Bi and In. Also, the decrease
in the separation of light and heavy hole valence bands as
determined by the DFT study increases the valley degeneracy
from 4 to 16 (4 from light and 12 from heavy hole bands) and
hence increases the Seebeck values.'” The effect of dopants on
the Seebeck values was also determined theoretically using the
Boltztrap code." The variation of calculated Seebeck coefficient
as a function of chemical potential (¢) in the temperature range
of 300-800 K is shown in Fig. S6 (ESIf). The negative and
positive chemical potentials indicate the hole and electron
doping corresponding to p and n-type doping, respectively. At
a particular value of y, the value of S increases with an increase
in temperature. The positive Seebeck peak is found in the
negative chemical potential region in Bi doped SnTe due to
the Fermi level lying almost at the tip of the conduction band
with a resonant peak lying below the Fermi level (Fig. S6a, ESIT).
In the case of In doped SnTe, the positive Seebeck peak lies in
the positive chemical potential region because of the presence
of the Fermi level in the valence band and the resonance level
appearing above the Fermi level (Fig. S6b, ESIt). This indicates
that the resonance states are responsible for the increase in the
S values in both cases. The Seebeck peak lies in the positive
potential range closer to the Fermi level due to the Fermi level
residing at the top of the valence band, as revealed in the
electronic structure (Fig. Séc, ESIt). The features of both singly
doped configurations are present in the co-doped configuration.
The co-doped SnTe configuration exhibits a higher Seebeck
coefficient at larger potential windows at higher temperatures.
These results suggest that ZT can be improved for a wide range
of carrier concentrations at higher temperatures. Further, this
observation also indirectly supports the fact that bipolar diffusion
is prevented due to the larger band gap of the co-doped sample.
A maximum power factor (given by 65%) of ~36 yW cm ™' K2
was observed when x = 0.03 at 840 K (Fig. S7, ESIf), which is
appreciably higher than the optimized compositions of Bi doped
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SnTe (~20 uW ecm ™' K~?) and In doped SnTe (~21 yW cm™ ' K ?)
reported previously.">'® Although the electrical conductivity
decreases with increasing temperature, the large increase in S value
makes the power factor increase as a function of temperature and
dopant fraction. The total thermal conductivity of the samples
decreases as a function of temperature and dopant concentration
(Fig. 4c). The lattice thermal conductivity was obtained by
subtracting the electronic thermal conductivity from the total
thermal conductivity. The lattice thermal conductivity shows a
decreasing trend with increasing temperature and dopant
concentration (Fig. S8, ESIt). This indicates that the dopants
effectively scatter the heat carrying phonons due to mass contrast.
Moreover, the formed Bi nanoprecipitates in the Sn; 3,Bi,,In,Te
(x = 0.03) sample further scatter the additional phonons causing
the decrease in the thermal conductivity values.® Also, the
increase in the band gap of the material, as revealed by DFT
studies, prevents the bipolar thermal transport from further
decreasing the total thermal conductivity.

We see that the ZT value increases both as a function of
temperature and dopant concentration (Fig. 4d). We report
here a record high room temperature Z7 of ~0.25 at 300 K,
higher than the previously reported record high value of ~0.2
for Ca doped SnTe.” The result of all these thermal transport
properties is the ZT,,x value of ~1.32 attained at 840 K for
x =0.03 and ZT,,, of ~0.73, considering 300 and 840 K as cold
and hot ends, respectively. These values are comparable to
the ZTy,ax value of ~1.4 at 923 K and ZT,,, of ~0.78 between
300 and 900 K reported for Cd-In co-doped SnTe. Our reported
ZTmax is also comparable to the value of ~1.4 (at 773 K) recently
reported for In-I co-doped PbTe. Notably, our material has the
advantage of being free from toxic Cd and Pb and is hence more
environmentally benign.'®*' The reported ZT,,, value is higher
than the previously reported values for SnTe singly doped with
In (~1.1 at 873 K) and Bi (~1.1 at 873 K), and co-doped with
Ag-In (~1 at 856 K), Cd-In (~1.1 at 850 K), Hg-In (~0.9 at
850 K), and Mn-In (~1.03 at 923 K), and Sn, _,Pb,Te (x = 0.3)
co-doped with Mg-In (~1 at 710 K).®'"'371622 The ZT values of
the Bi-In co-doped SnTe are found to be much higher than the
Bi/In singly doped SnTe, as revealed in Fig. S9 (ESIT), indicating
the synergistic effect of the dopants. Although the reported
value of ZTy,.x in the present work is lower than the one
reported for Ca-In co-doped SnTe (~1.65 at 840 K), which by
far holds the record in SnTe based materials, the ZT,,, value
reported here is ~0.95, much higher than ~0.87 reported
for Ca-In co-doped SnTe for the same temperature range of
500-840 K, indicating its higher potential for thermoelectric
application, as the efficiency of a TE device depends more on
ZTayg than ZTpay’

3. Conclusions

In this work, we engineer the electronic structure of SnTe by
co-doping it with Bi and In using first principles DFT simulations
and experiments. For the first time, we report that Bi introduces
resonance states in SnTe. We see that the co-doping of two
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different resonant dopants not only results in edges of valence
sub-bands approaching one another but also leads to opening of
the band gap, which otherwise was closed in the case of the doped
Bi and In configurations. This leads to an increased Seebeck
co-efficient throughout the temperature range and reduced thermal
conductivity at elevated temperatures due to the suppression of the
bipolar diffusion and the formation of nanoprecipitates at x = 0.03
in Sn, _;,Bi,In,Te. The synergistic action of all these effects makes
the material achieve a record high room temperature ZT of ~0.25 at
300 K for SnTe based materials and a maximum ZT of ~1.32 at
840 K, making it a promising thermoelectric material. This
strategy of co-doping n-type and p-type resonant dopants to
increase the band gap of SnTe and to introduce deep defect
states to improve ZT throughout the temperature range can
potentially be used for other materials as well.
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