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Inorganic solids with low thermal conductivity are of great interest
for thermoelectric applications. The formation of synthetic nano-
structures by matrix encapsulation is one of the important strategies
for thermal conductivity reduction through phonon scattering. Here,
we report the reduction of lattice thermal conductivity near the
theoretical minimum limit, ki, in SnTe via spontaneous formation
of nanodomains of the Sb-rich layered intergrowth Sn,,Sby,Tes,.m
compounds, which are natural heterostructures. High-resolution
transmission electron microscopy of Sn;_,Sb,Te samples reveals the
formation of endotaxial Sb rich nanoprecipitates (2—10 nm) along with
super-structured intergrowth nanodomains (10—30 nm), which are the
key features responsible for the significant reduction of lattice thermal
conductivity in SnTe. This mechanism suggests a new avenue for the
nanoscale engineering in SnTe to achieve low lattice thermal con-
ductivities. Moreover, the presence of Sb improves the electronic
transport properties by aliovalent cation doping which optimizes the
hole concentration in SnTe. As a result, an enhanced thermoelectric
figure of merit, zT, of ~1 has been achieved for the composition of
SnpgsSbpisTe at 800 K. The high zT sample exhibits the Vickers
microhardness value of ~136 Hy which is double that of pristine SnTe
and is significantly higher than those of the present state-of-the-art
thermoelectric materials.

1. Introduction

Narrow band gap semiconductors with low lattice thermal
conductivity (k) are important candidates for thermoelectric
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Broader context

Tin telluride (SnTe), a homologue of lead telluride (PbTe), has recently
attracted enormous attention for the thermoelectric power generation in
the mid-temperature range. However, the thermoelectric properties of SnTe
have been mostly improved via electronic structure engineering either by
creating resonant states in the electronic band or by valence band convergence.
Pristine SnTe exhibits a lattice thermal conductivity (i) of ~2.88 Wm™ ' K *
at room temperature, while the theoretical limit for the minimum lattice
thermal conductivity (kmin) of SnTe is ~0.5 W m~' K. This hints at the
presence of enormous room to improve the z7' through i, reduction in SnTe.
Although Ky, has been moderately reduced via the introduction of second
phase nanoprecipitates or alloy formation, very few reports exist which could
successfully reduce the k.. value of SnTe near its theoretical minimum value.
Here, we report the reduction of ki, to ~0.67 Wm™' K" at room temperature,
which is close to its theoretical minimum limit, xpmn, via the spontaneous
formation of nanodomains of the Sb-rich layered intergrowth Sn,,Sb,,Tes,.,
compounds in the SnTe matrix. High-resolution transmission electron
microscopy of Sn;_,Sb,Te samples reveals the formation of endotaxial Sb
rich nanoprecipitates (2-10 nm) along with super-structured intergrowth
nanodomains (10-30 nm), which are the key features for the significant
reduction of xj,c in SnTe. As a result, an enhanced thermoelectric figure of
merit, 2T, of ~1 has been achieved for the composition of Sng;Sbg;5Te at
800 K. For the high 27T sample, the measured Vickers microhardness
(mechanical stability) value is ~136 Hy, which is 109% higher than that of
pristine SnTe (~ 65 Hy). The present micro-hardness value is significantly
higher than those of the state-of-the-art thermoelectric materials such as
Bi,Te;, PbTe, Pb, ,Sn,Te, PbSe, Cu,S, and Cu,Se.

energy conservation. The efficiency of thermoelectric materials
is mainly governed by the thermoelectric figure of merit,
2T = 68°T/Kora1, Where o, S, T, and Keoral (e, electronic thermal
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conductivity + k1,, lattice thermal conductivity) are the electrical
conductivity, Seebeck coefficient, temperature and total thermal
conductivity, respectively.! The interdependence of ¢, S and
Kiota cOmplicates the attempt for the development of high
performance thermoelectric materials.' The only independently
tunable parameter is ). The reduction of the xj, value of
inorganic solids has conventionally been achieved through the
formation of point-defects and grain boundaries,"* all-scale
hierarchical nano-mesostructuring® and embedding endotaxial
nanostructures* in the bulk matrix. Furthermore, intrinsically
low Ky, originating in solids with lattice features such as
complex crystal structures,'® part-crystalline part-liquid state,’
rattling modes,® soft phonon modes,” superionic substructures
with liquid-like cation disordering,® resonant bonding,’ lattice
anharmonicity due to lone pairs'® and anisotropic layered
crystal structure,'' is of practical interest due to its robustness
against the grain size, temperature and other structural variations.

The combination of low thermal conductivity, large thermo-
power and optimum electrical conductivity made PbTe the
leading thermoelectric material for power generation application
in the intermediate temperature range of 600-900 K.>*'> However,
the relative toxicity of Pb accompanied by the environmental
concern limits its large scale application, which motivates the
researcher to look for alternative materials for PbTe. SnTe could be
a probable substituent for PbTe because of the same rock-salt
crystal structure (Fm3m) and similar electronic structures.
However, it has a large number of p-type carriers due to the
intrinsic Sn vacancy and the energy separation, AE, between the
light hole (L point) and heavy hole (2 point) valence bands of
SnTe (~0.3-0.4 eV) is higher than that of PbTe (~0.17 eV)."?
Thus, pristine SnTe has rarely been considered as an efficient
thermoelectric material.’* However, recent studies explicitly
show that SnTe has the strong potential of being a promising
thermoelectric material through valence band engineering,"®
carrier concentration optimization,"”*'® and/or all-scale hierarchical
architecture."” Significant enhancement of the Seebeck coefficient
has been achieved via the formation of the resonant level in the
valence band of SnTe through In doping'® and the convergence
of valence band valleys by alloying of Cd, Hg, Mg or Mn in
SnTe.'*»4:174¢ The coexistence of the resonant level induced by
In doping and band convergence enabled by Cd doping in SnTe
maximized zT up to 1.4 at 900 K."°

Pristine SnTe exhibits «p,; of ~2.88 W m~* K ' at room
temperature, while the theoretical limit for the minimum lattice
thermal conductivity (kmi) of SnTe is ~0.5 W m~* K 1.'7”
Although x,c has been moderately reduced via the introduction
of second phase nanoprecipitates like CdS and HgTe'”** or alloy
formation,'*”*”>%° only a few reports exist which could successfully
reduce the i, value of SnTe near its theoretical minimum value.*
These approaches resulted in a ki, value close to ~1 W m 'K 'at
room temperature, which is still higher as compared to the
theoretical minimum limit ry;, of ~0.5 W m™' K~* for SnTe.
This hints at the presence of enormous room to improve zT'
through ), reduction in SnTe.

Sb plays an important role in the optimization of xj,. in the
PbTe based materials.”””>* Sb in PbTe forms nanostructures via
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matrix encapsulation, which exhibits an ultralow &, of
~0.8Wm ' K ' at 300 K.** The addition of Sb in Pby ¢SbyTe;o_,Se,
(y < 0.2) is reported to form the spontaneous nano-inclusions
of Sb rich phases, which resulted in low ., and high z7.**
Interestingly, in n-type AgPb,,SbTe,,,, systems, compositional
fluctuations at the nanoscopic level resulted in a distinct type of
nanostructures, which play a key role in achieving the low ki,
and high zT.>* Moreover, the substitution of Sb in PbTe has
shown a significant increase in the thermoelectric performance
at higher temperatures due to the formation of Sb donor
states below the conduction band of PbTe.>® Hence, it would
be interesting to study the effect of Sb on the thermoelectric
properties of SnTe.

Herein, we report the realization of ultralow ki, in high
quality crystalline ingots of Sn; _,Sb,Te. A detailed microscopic
understanding of the origin of the low xj,, in Sn;_,Sb,Te has
been discussed. Transmission electron microscopy reveals the
presence of endotaxial nanoprecipitates (2-10 nm) in lower Sb
containing SnTe (e.g. Sng.o6Sbg04Te), whereas with higher Sb
concentration (e.g. Sng.gsSbg15Te), nanodomains (10-30 nm)
of layered intergrowth Sb-rich Sn,Sb,,Tes,., compounds
spontaneously form in the SnTe matrix, which are natural
heterostructures. These distinct nanostructure-matrix inter-
faces significantly enhance phonon scattering, which gives rise
to Kige Of ~0.67 W m™' K ' in SnggsSbossTe near room
temperature, which is indeed approaching the theoretical #yin
of SnTe. Additionally, aliovalent substitution of Sb>" in SnTe
reduces the excess hole concentration, resulting in an enhanced
Seebeck coefficient. Consequently, an optimized zT of ~1 has
been achieved at ~800 K for the Sn, gsSbg 15Te sample, which
makes the Sn,_,Sb,Te system more attractive for mid-temperature
thermoelectric power generation. The high 27" sample exhibits the
Vickers microhardness (mechanical stability) value of ~136 Hy
which is double that of pristine SnTe and significantly higher than
those of the present state-of-the-art thermoelectric materials.

2. Experimental section

2.1 Reagents

Tin (Alfa Aesar 99.99+ %), tellurium (Alfa Aesar 99.999+ %), and
antimony (Alfa Aesar 99.999+ %) were used for the synthesis
without further purification.

2.2 Synthesis

High quality crystalline ingots (~7 g) of Sn,_,Sb,Te (x = 0-0.2)
were synthesized by the melting reaction of appropriate ratios
of high-purity starting materials of Sn, Sb and Te in a quartz
tube. The tubes were sealed under vacuum (107> torr) and
slowly heated to 900 °C over 12 h, then soaked for 10 h, and
cooled slowly to room temperature.

2.3 Powder X-ray diffraction

Powder X-ray diffraction for all of the samples was recorded
using a Cu K, (1 = 1.5406 A) radiation on a Bruker D8
diffractometer.

This journal is © The Royal Society of Chemistry 2016
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2.4 TEM measurements

TEM imaging was performed using an aberration corrected FEI
TITAN cubed 80-300 KV transmission electron microscope
operating at 300 KV. TEM samples were prepared by conventional
mechanical thinning followed by Ar ion milling to perforation in
order to generate a large electron transparent thin area.

2.5 Thermal conductivity

Thermal diffusivity, D, was directly measured in the range
300-873 K using a laser flash diffusivity method in a Netzsch
LFA-457 (see the D vs. T data in Fig. Sla, ESIt). Coins with
~8 mm diameter and ~2 mm thickness were used in all of the
measurements. The temperature dependent heat capacity, Cp,
was derived using a standard sample (pyroceram) in LFA457,
which is in good agreement with the Dulong-Petit C;, value (see
Fig. S1b, ESIt). The total thermal conductivity, i, Was
calculated using the formula: K = DCpp, where p is the
density of the sample. The density of the pellets obtained was
~97% of the theoretical density.

2.6 Electrical transport

Electrical conductivity and Seebeck coefficients were measured
simultaneously under a He atmosphere from room temperature
to 873 K on an ULVAC-RIKO ZEM-3 instrument system. The
typical sample for measurement had a parallelepiped shape
with the dimension of ~2 x 2 x 8 mm?®. The longer direction
coincides with the direction in which the thermal conductivity
was measured. Heating and cooling cycles give repeatable
electrical properties for a given sample (Fig. S2, ESIt).

2.7 Hall measurements

Carrier concentrations were determined via Hall coefficient
measurements at room temperature using a PPMS system. A
five-contact Hall-bar geometry has been used for the measurements.
At 300 K, we have estimated the carrier concentration, n, from
the formula: n = 1/eRy, where e is the electronic charge and Ry; is
the Hall coefficient.

2.8 Mechanical properties

The microhardness of the samples was measured in the commercial
Zwick Roell ZHU 2.5 machine using the diamond indenter on
the Vickers hardness scale, where the force used was 2 N and the
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indent was kept for 10 s. The Vickers hardness values (kg mm™?)
were determined from the equation Hy = 1.854 x L/(2d)?, where
L is the indentation load and 24 is the diagonal length of the
indentation. The impressions of the indenter are shown in
Fig. S3, ESIL. The uncertainty of microhardness measurements
is about 5%.

3. Results and discussion

Sn; ,Sb,Te (x = 0.0, 0.04, 0.08, 0.12, 0.15, 0.16 and 0.2) samples
were synthesized via the vacuum sealed-tube melting reaction
at 900 °C. Powder X-ray diffraction (PXRD) patterns of pristine
and 4-8 mol% Sb containing samples could be indexed to the
rock-salt SnTe structure (space group of Fm3m), which shows
the absence of a second phase within the detection limit of
PXRD (Fig. 1a). However, for a higher Sb content (x > 0.12) in
SnTe, small intensity secondary phase peaks were observed
in the PXRD pattern (* mark in Fig. 1a). Second phase peaks in
PXRD closely match with the PXRD pattern of the layered
intergrowth Sb rich compounds belonging to the homologous
series of quasibinary (SnTe),,(Sb,Tes),, Systems, Z.e. Sn,,Sba,Tes1m,
which are natural modulated heterostructures (see Fig. 1b).
These compounds usually crystallize in anisotropic layered
tetradymite Bi,Te,S-type structures with a large unit cell. They
can also be viewed as intergrowths of SnTe-type (rocksalt) and
Sb,Tes-type (hexagonal) phases. The lattice parameter extracted
from PXRD initially decreases linearly from a = 6.294 A to
a = 6.277 A with the increasing Sb concentration in SnTe
following the Vegard’s law, which indicates the solid solution
nature of Sn; ,Sb,Te (up to x = 0.12) samples. However, the
lattice parameters of Sn; _,Sb,Te compositions with x > 0.12 do
not follow the Vegard’s law and deviate from linearity (Fig. 1c).
The presence of small intensity extra peaks in the PXRD pattern
and the non-linear relationship between the lattice parameter
and Sb concentration indicate the formation of Sn,,,Sb,,Te3;:.
intergrowth nanostructures in the SnTe matrix, which has been
further confirmed via transmission electron microscopy analysis,
which will be discussed in the following part.

The temperature dependent total thermal conductivity (ko)
of Sn,_,Sb,Te (x = 0.00-0.20) along with the lattice (i}, and
electronic (i) contributions are plotted in Fig. 2. The substitution
of Sb in SnTe substantially reduces the K value from
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Fig. 1 (a) Powder XRD patterns of Sn;_,Sb,Te (x = 0—0.15) samples. (b) Comparison of zoomed powder XRD patterns of Sn;_,Sb,Te with a Sn-based
layered intergrowth compound. (c) Lattice parameter (a) vs. Sb concentration (x) in Sn;_,Sb,Te (x = 0-0.2).
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~8.62Wm 'K 'to ~3.4Wm 'K for Sn, sSb, ,Te at 300 K,
which is ~61% reduction compared to pristine SnTe. This
large reduction in ., is attributed to both the significant
reduction of . caused by the donor nature of Sb** in SnTe
(Fig. 2b) and the reduction of xj, (Fig. 2c). Typically, in
SnogsSbg15Te, room temperature K exhibits a value of
~3.58 Wm ™ " K " which decreases to ~1.9W m ' K ~'at 825 K.

Klat Was obtained by subtracting the electronic thermal
conductivity, K., from Ko (Fig. 2¢). The electronic contribution
of thermal conductivity was extracted based on the fitting of
temperature dependent Seebeck coefficients that estimate the
reduced chemical potential, from which the Lorenz number, L,
has been calculated as explained in previous literature (Fig. S4,
ESIt).>” With the increasing Sb content, room temperature
Kiat decreases gradually and reaches the minimum value of
~0.67 Wm ' K ! for the Snyg5Sby15Te sample. The Klemens-
Drabble (KD) model of disordered alloys was applied to predict the
variation of lattice thermal conductivity of the Sn;_,Sb,Te
system (see Fig. S5, ESI{).*® The required fitting parameters
have been adopted from previous literature.'®® For Sny osSbo.o4Te,
Sng.0,SbgogTe and SngggSbg 1,Te, experimental ), values agree
well with the KD model, indicating the point defect scattering
caused by Sb alloying as the dominant factor for phonon scattering
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with low Sb content in SnTe (Fig. S5, ESIT). However, when x is
>0.12 in Sn,_,Sb,Te, the experimental ky, lies far below the KD
theory line, indicating that additional phonon scattering
mechanisms are operative in addition to point defect scattering.
The minimum «xj,, values obtained in the present Sn, ,Sb,Te
ingot samples are indeed lower than those previously reported
for the Sn,_,In,Te,"** Hg/Mn/Cd alloyed SnTe'’*“**" and SnTe-
AgBiTe, system'’” (Fig. 2d). Temperature dependent k,, of
Sng g5Sby.15Te is found to be close to the theoretical minimum
of the lattice thermal conductivity of SnTe (Fig. 2c), which is
calculated by the use of the model proposed by Cahill et al.*
In order to investigate the underlying mechanisms of the
observed low lattice thermal conductivities of Sn,_,Sb,Te, we
have performed a detailed nanostructural examination using
transmission electron microscopy (TEM) (see Fig. 3). Although
the PXRD patterns of Sn; ,Sb,Te, x < 0.12 indicate “single
phase” nature, TEM images of Sn, ,Sb,Te revealed the
presence of numerous nanoscale precipitates thought to be
favorable for phonon scattering. The TEM images of all ingots
showed similar features, and therefore we only show images from
the samples of the composition Sng ¢6Sbg.04T€, Sng.0xSbg.0sTe and
Sny g5Sby 15Te. In Fig. 3a, Fig. S6a and b, ESI,{ we show typical low
magnification TEM images of SngoeSbo.osT€, Sng2SbgosTe and
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Fig. 2 Temperature-dependent (a) total thermal conductivity (kiotal), (b) electronic thermal conductivity (i) and (c) lattice thermal conductivity (icat) of
Sn;_,Sb,Te samples. (d) Comparison of the room temperature k5 of the present SnggsSboisTe sample with that of the previously reported high
performance Sny_,In,Te 8% Hg/Mn/Cd'72<?! alloyed SnTe and SnTe—-AgBiTe,.t’?
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Fig. 3 Transmission electron microscopy of samples SngoeSboosTe,
Snp.92Sbo.psTe and SnggsSbpisTe. (@) Low-magnification TEM image of
sample Sng.geSbo.osaTe showing nanoscale precipitates. (b) HRTEM image
of one of the precipitates of the Sng 96Sbo.04T€ sample, showing coherent
interfaces, highlighted by the circle. The corresponding inset FFT pattern
indexed to the cubic rocksalt structure. (c) HRTEM image of Sng.92Sbgo ogTe
showing the presence of criss-cross lines with the angle of 60° between
them. The corresponding inset FFT pattern indexed to the cubic rocksalt
structure. Panels (d) and (e) are HRTEM images of Sng gsSbg 15Te showing
the nanodomains of layered intergrowth nanostructures. (f) FFT pattern
indexed to the cubic rocksalt structure with white circles indicating super-
structure ordering spots at 1/2 (h, k, [) with h, k, [ value of (1, 1, 1).

Sno gsSbo.15Te samples, respectively. All images confirm the
presence of various nanoscale precipitates (2-10 nm) with a dark
contrast. The endotaxial nature of the nanoprecipitates was
confirmed from the electron diffraction pattern, shown in the
inset of Fig. 3b and ¢, which can be indexed based only on the
cubic rocksalt SnTe structure. The size of these small endotaxial
nanoprecipitates is similar to that of the mean free path of the heat
carrying phonon in SnTe,’ thus they effectively scatter phonons
and reduce k. in SnTe. Though it is difficult to quantitatively
determine the exact compositions of individual precipitates owing
to their overlap with the matrix, energy dispersive X-ray spectro-
scopy (EDAX) indicates an increase in the Sb signal from the
precipitates compared with the matrix regions (Fig. S7, ESIt).
For further analysis, we have performed high-resolution
TEM (HRTEM) investigations on Sn; ,Sb,Te samples. Fig. 3b
and Fig. S6c, ESIf show typical phase contrast HRTEM
images containing several nanoprecipitates for Sng ¢¢Sbg.o4Te.

This journal is © The Royal Society of Chemistry 2016
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High-resolution imaging shows that the nanoinclusions are
coherent with the matrix. Such a coherent interface can contribute
to the scattering of phonon with medium and long wavelengths,
meanwhile maintaining good carrier transport without excessive
scattering.” Therefore, under appropriate carrier doping one can
expect relatively high mobility. Hence, these nanoscale features are
unique in terms of enhancing the performance of thermoelectric
properties of SnTe.

The HRTEM image of Sn ¢,Sbg.0sTe shows the existence of
characteristics of layered criss-cross lines oriented along [111]
planes with 60° angle between them (see Fig. 3c). Such layered
nanostructures (10-30 nm) become prominent in the Sn, g5Sby 15Te
sample (HRTEM images in Fig. 3d and e, and Fig. S6d, ESIt). These
HRTEM images indicate the presence of layered superstructure
nanodomains with features similar to those exhibited in
Na,_,Pb,,SbyTe,,., samples.’® A mention must be made of
the fact that the superlattice spots along the (111) direction
are observed in the fast Fourier transform (FFT) image of the
Sng g5Sbg 15Te sample (Fig. 3f). This indicates a doubling of
the lattice period along the (111) directions in real space. At
higher Sb concentrations, local Sb segregation along the (111)
directions of cubic SnTe forms the nanodomains of layered
intergrowth Sn,,Sb,,Tez,+,, which are embedded in SnTe
matrix. Hence, the presence of superlattice spots along the
(111) direction and an extra peak in the PXRD pattern of
Sny g5Sby 15Te indicate the formation of layered intergrowth
nanostructures of Sb rich Sn,,Sb,,Tes,.,, compounds. These
compounds are known to show superstructure ordering spots
in electron diffraction due to the modulated intergrowth structure
and large unit cell.*" Superlattice structures generally affect the
lattice thermal conductivity via various ways, including modification
of the phonon spectrum and phonon localization, and diffuse or
specular scattering of phonons at interfaces due to acoustic mis-
match.*® Here, the presence of nanodomains of Sb rich layered
Sn,,Sb,, Tes,., in SnTe scatters the phonons efficiently through
both (a) the interface between matrix (SnTe) and nanodomain and
(b) the interfaces between the heterostructured layers within
Sn,,,Sb,, Tes,,. The melting points of most of the layered inter-
growth compounds in the homologous series, M,,(Sb/Bi),,T€3;.m,
where M: Ge/Sn/Pb, are incongruent; thus, the synthesis of pure
bulk phases through traditional high-temperature solid-state
melting techniques is really challenging.?*“** Here, we show the
stabilization of these layered intergrowth phases in the form of
nanodomains through matrix encapsulation, which is intriguing in
terms of fundamental solid state inorganic chemistry. Earlier,
kinetic low temperature syntheses have been demonstrated the
stabilization of the pure-phase compounds in the Pb,,Bi,,T€s,m
family in the form of layered nanosheets.?*?

Fig. 4 shows the temperature dependent electrical transport
properties of Sn;_,Sb,Te samples. The room temperature Hall
coefficients, Ry, of all Sn; ,Sb,Te (x = 0-0.20) samples are
positive, which indicate the p-type conduction in this system.
For all samples, the electrical conductivity (o) decreases with
the increase in temperature, which is typically observed for
a degenerate semiconductor (Fig. 4a). At room temperature,
o decreases gradually with the increase in donor Sb content in
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Fig. 4 (a) Temperature dependent electrical conductivity (o) of
Sn;_,Sb,Te samples. (b) Carrier concentration (n) and (c) carrier mobility
(1) at room temperature with respect to Sb concentration (x) in Sn;_,Sb,Te.

SnTe due to the systematic reduction in p-type carrier concentration,
n (Fig. 4b). The reduction of hole concentration is attributed to
the substitution of aliovalent Sb®* at the Sn** site in SnTe that
contributes the excess electrons to the system from the chemical
valence count. Near room temperature, pristine SnTe exhibits
a o value of ~8265 S cm !, which drastically reduces to
~3032 S em™ ! for the composition of SnggsSboi,Te. Further
increase in Sb concentration above x = 0.12 leads to an increase
in the ¢ value from ~3032 to ~3816 S cm™* for the Sng g5Sb, 15Te
sample. The increase in the ¢ value of Sb concentration above
12 mol% in SnTe is attributed to the increase in hole concentration
(Fig. 4b), which results due to the phase separation of Sb-rich
Sn,,Sb,, Tes,..,, nanodomains. This phase segregation is correlated
with the formation of nanostructures, which actually alters the
chemical composition of the matrix, and thereby the hole
density.'”” A mention must be made that the carrier mobility
(p) remains nearly same (Fig. 4c) in the case of lower Sb content
in SnTe due to endotaxial nature of the nanoprecipitates, which
is indeed beneficial for electronic transport.
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Fig. 5a represents the temperature dependence of Seebeck
coefficient (S) of Sn, ,Sb,Te samples. A positive value of S
indicates the p-type conduction in the measured temperature
range of 300-860 K, which agrees with the Hall measurement.
Pristine SnTe exhibits an S value of ~20 uv K™ at 300 K and
reaches the maximum value of ~90 uv K ' at 700 K. The
substitution of Sb in SnTe significantly increases the S value
from ~20 uV K™ ' to ~40 pv K * at 300 K. Typically, the room
temperature S value of SnggsSby1sTe is ~34 pv K~ ', which
increases with temperature and reaches the maximum value of
~158 vV K ' at 856 K. Above 800 K, S starts decreasing with
further increase in temperature for Sn, ,Sb,Te, x > 0.15,
which corresponds to the onset of bipolar conduction.

A room temperature Pisarenko plot, Seebeck coefficient (S)
as a function of carrier density (n), of Sn,_,Sb,Te is shown in
Fig. 5b. Theoretical Pisarenko curves have been calculated by
considering the contribution of both the light hole (L point)
and heavy hole valence band (X point) of un-doped SnTe."®
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Fig. 6 Temperature dependence of power factor (65%) of Sny_,Sb,Te
samples.
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Fig. 5 (a) Temperature dependent Seebeck coefficient (S) of Sn;_,Sb,Te samples; (b) room temperature S vs. n plot of the present Sn;_,Sb,Te samples.
For comparison, previously reported S vs. n experimental data of un-doped SnTe,*® Cu-doped SnTe,*® Cd and In doped SnTe,*® Mg alloyed SnTe,**® Cd
doped SnTe,”? Mn doped SnTe,*> In doped SnTe,*®? Bi doped SnTe,** iodine doped SnTe'® and theoretical a Pisarenko curve based on the VBM

ll&a

model™? are given in (b).
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Fig. 7 (a) Temperature dependence of thermoelectric figure of merit (zT) of Sn;_,Sb,Te samples with 10% error bar. (b) Vickers microhardness value (Hy)
of Sn;_,Sb,Te (x = 0, 0.15) samples compared with other thermoelectric materials.

Here, we have compared the present S vs. n data of the present
Sn,_,Sb,Te with the previously reported data of In doped
SnTe,'®* Mg doped SnTe,"** Cd doped SnTe,'’® Bi doped
SnTe,** Cu doped SnTe,** Mn alloyed SnTe,'*? iodine doped
SnTe,'® and Cd and In co-doped SnTe'® and also with the
earlier reported theoretical S vs. n curve by Zhang et al'®*
Particularly, S values of Sn;_,In,Te and Cd/Mg/Hg/Mn alloyed
SnTe samples lie far above the theoretical Pisarenko line due
to the effect of resonant level formation and valence band
convergence, respectively. Here, room temperature S values of
Sn; _,Sb,Te samples also reside slightly above the Pisarenko
curve. The widely dispersed nanostructures in SnTe are responsible
for this unusual behavior. This originates probably due to energy
dependent scattering of carriers, leading to an energy filtering effect
that enhances the Seebeck coefficient.’® A similar trend was earlier
observed for AgSbTe,-SnTe based alloys.®

Fig. 6 presents temperature dependence of the power factor
(68%) of Sn;_,Sb,Te (x = 0.00-0.20) samples. Benefiting from
optimized electrical conductivity and enhancement in Seebeck
coefficients, the Sn, ,Sb,Te samples exhibit significantly higher
power factors than those of pristine SnTe samples, with maximum
values touching ~25 uW em ™" K2 for Sng g,Sby 1¢Te at 750 K.

In Fig. 7a, we have presented temperature dependent thermo-
electric figure of merits, zT, of Sn, ,Sb,Te (x = 0-0.2). The
samples show a systematic increase of zT with the increasing
Sb content in SnTe at around room temperature; however, the
occurrence of bipolar conduction seen in the samples with high
Sb content (x >0.15) leads to the deterioration of z7 at high
temperatures. The highest zT value of ~1 was achieved for
Sny g5Sby.15Te at 800 K, which is significantly higher compared
to the undoped SnTe sample.

Besides the promising zT, one has to look for the good
mechanical properties of thermoelectric materials for mass-
market applications. The micro-hardness values of SnTe and
Sny g5Sbg.15Te samples were measured on the Vickers scale
using the micro-hardness indentation method (Fig. 7b).
Undoped SnTe has a hardness value of ~65 Hy. The substitution
of Sb in SnTe increases the micro-hardness value to ~136 Hy
(~109% increment in Hy value) for the composition of

This journal is © The Royal Society of Chemistry 2016

Sny.gsSbo.15Te. The increase in Vickers micro-hardness (Hy) in
Sn,_,Sb,Te is mainly due to the significant reduction of defects
and Sn vacancies caused by Sb substitution. Additionally,
nanoscale precipitates block the movement of dislocations
in SnTe, which further improves the micro-hardness in
Sn,_,Sb,Te. The obtained micro-hardness value of ~136 Hy
for Sny g5Sbo.15Te is significantly higher than that of the state-
of-the-art thermoelectric materials such as Bi,Te;,*® PbTe,*’
Pb,_,Sn,Te,*® PbSe,*' Cu,S,*? and Cu,Se.**

4. Conclusions

In conclusion, Sn;_,Sb,Te exhibits an ultralow lattice thermal
conductivity approaching the theoretical minimum limit,
which is attributed to the formation of spontaneous nano-
domains of Sb rich layered intergrowth Sn,,Sb,,Tes;.,, in SnTe
through matrix encapsulation. The segregation of Sb along the
(111) direction of SnTe leads to the formation of superlattice
structure which resulted in significant phonon scattering to
effectively lower x,.. Additionally, Sb doping in SnTe decreases
p-type carrier density due to aliovalent donor dopant nature
of Sb** at the Sn>" site in SnTe. A significant enhancement in
the Seebeck coefficient has been achieved due to simultaneous
reduction of carrier density and carrier filtering through super-
structure nanodomain formation. Hence, the enhanced thermo-
electric figure of merit, zT, of ~1 at 800 K has been obtained
for the composition of Sng gsSby 15Te. For the high zT sample,
the measured Vickers microhardness value was ~136 Hy,
which is about ~109% higher compared to that of pristine
SnTe (~65 Hy).
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