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Anharmonic lattice vibration in metallic and semiconducting Sb2 Te3 is investigated using temperature dependent Raman spectroscopic studies, synchrotron powder
diffraction, and heat-capacity measurements. Thermal variation of structural parameters divulges temperature dependence of structural anisotropy in both the samples. It is
revealed that semiconducting Sb2 Te3 , having higher defect density and larger phonon
anharmonicity, possesses lower thermal conductivity. As compared to its metallic
counterpart, significant increase in thermoelectric figure of merit, ZT is reported for
the semiconducting Sb2 Te3 . Correlation among structural anisotropy, phonon anharmonicity and ZT is established. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5053174

I. INTRODUCTION

The series in the form A2 B3 containing layered chalcogenide materials has attracted interest of
researchers owing to their exceptional thermoelectric (TE) properties. Recently it has been revealed
that several members of the series also exhibit topological insulating properties. Topological insulators
(TIs) can be characterized by a conventional energy gap in the bulk and with a gapless surface
states, i.e., their bulk states are insulating while their surface states are conducting. The topologically
protected surface states hold great promise of having broad range of potential application like future
nanoelectronic devices in the field of spintronics, quantum computations, field effect transistors,
infrared-THz detectors.1–8 Sb2 Te3 , which belongs to this family, is a narrow band gap semiconductor
and well-known TE material. It also possesses topological insulating properties.4,6 Sb2 Te3 crystallizes
in rhombohedral phase. With such crystal structure, these layered binary chalcogenides possess
relatively high value of ZT due to their low thermal conductivity (κ). At room temperature, the reported
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value of lattice thermal conductivity (κL ) for Sb2 Te3 (=2.4 Wm−1 K−1 ) is quite low.6 Heavy atomic
masses, layered structure, soft bonds along with strong phonon anharmonicity which is inherent
in the system, are responsible for this low value of κL 9–13 It has been recently demonstrated that
anharmonicity engineering in these layered chalcogenides is a good tool towards obtaining an efficient
TE material.4,9–11,14–17 However, very limited work has been carried out to probe phonon anharmocity
in Sb2 Te3 system.4,6,18–20
The layered structure of Sb2 Te3 consists of quintuple layers (QL). Five atomic planes are stacked
in each QL layer, i.e., Te1-Sb-Te2-Sb-Te1, with Te1 and Te2 represent two different environment
of the Te atom in Sb2 Te3 lattice. Three such QLs form the Sb2 Te3 unit cell, where QLs are interconnected by weak Van der Waals force. This inter layer Van-der-Waals interaction leads to the
easy cleavage of Sb2 Te3 system perpendicular to c axis and is responsible for several interesting
properties in Sb2 Te3 and related materials. The observed unit-cell elongation c/a ∼ 7 is indicative of a large structural anisotropy, which furthermore gives rise to the compression of Brillouin
zone and results in anisotropy of transport and elastic properties also.4,6,21 However, the effect of
this anisotropy on the phonon dynamics and phonon anharmonicity of polycrystalline Sb2 Te3 samples has not been explored fully.4 Sb2 Te3 crystals, synthesized from the melt of Sb and Te, always
show a Te vacancy as due to higher saturation vapor pressure, Te partially segregate during growth.
As a result there is surplus of Sb in the system. The over stoichiometric Sb atoms prevailingly
occupy the Te2 site in the tellurium sublattice giving rise to Antisite (AS) defect of SbTe type.
Presence of the AS defects leads to the intrinsic p-type conductivity of Sb2 Te3 .22,23 It has further
been demonstrated that defect concentration can effectively tune thermoelectric Figure of merit, ZT
or thermoelectric Power factor, PF in Sb2 Te3 system and can exhibit metallic or semiconducting
nature in its resistivity behavior.3,24 However, role of defect concentration on the phonon dynamics and phonon anharmonicity of Sb2 Te3 sample has not been reported till date to the best of our
knowledge.
Thermal expansion can be described as a measure of shape and size of the material with unit
temperature variation. Thermal expansion coefficient is a good tool for quantifying the change in
lattice parameters with temperature. It is also one of the important parameters in device fabrication
as the strain induced due to change in temperature can cause the deformation of the device and
affect its phonon dynamics.25 Raman spectroscopy (RS) can also be reliably and non-destructively
used to probe the temperature dependence of the phonon dynamics as well as defects.19,20 Furthermore, temperature dependent Raman spectroscopic analysis revealed that thermal expansion
predominantly affects the change in total phonon frequency with temperature for Sb2 Te3 and related
materials.2,18,19 Thermal expansion and temperature dependent RS analysis have been used as complementary techniques to have an idea of phonon dynamics and related phonon anharmonicity of
the system.4,19,20 However, very limited effort has been given to report the phonon anharmonicity
in different phonon modes.20 In a maiden attempt, we explain the evaluation of anharmonicity in
various phonon modes for semiconducting and metallic Sb2 Te3 and further attempted to extract the
higher order anharmonic effect in lattice vibration from the temperature dependent Raman spectra
and thermal expansion data. In particular, we find that the interplay between role of defect and phonon
anharmonicity can provide insights in designing of new Sb2 Te3 based thermoelectrics with better TE
performance.
In this article we report the microscopic characterization of polycrystalline metallic and semiconducting Sb2 Te3 samples by temperature dependent synchrotron powder diffraction and Raman
spectroscopic measurements, as well as macroscopic characterization based on specific heat (C p )
measurements. An attempt is made to reveal the temperature dependence of phonon dynamics and
the role of anharmonic coupling for all the available phonon modes considering the anharmonic decay
of optical phonons and the material thermal expansion. Temperature dependent renormalizations of
linewidth and position of all the available Raman active phonon modes in the synthesized metallic and
semiconducting Sb2 Te3 samples are considered. κL is theoretically estimated using Gruneisen parameter (γG ). In addition, structural anisotropy of the synthesized samples is evaluated from synchrotron
powder diffraction data and the correlation between structural anisotropy, phonon anharmonicity and
TE ZT is established.
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II. EXPERIMENTAL DETAILS

Reported metallic (S1) and semiconducting (S2) polycrystalline Sb2 Te3 samples were synthesized using melting method, by tuning the annealing condition.3 Temperature dependent powder
X-ray Diffraction (XRD) experiments, performed in the range of 10-300 K at an interval of 50 K,
were carried out using the synchrotron facility at BL-12 beamline, INDUS-2, Raja Ramanna Centre
for Advanced Technology, Indore. The samples were illuminated by a monochromatic X-ray beam
of wavelength λ=0.612 Å. The data for powder diffraction experiments were collected using an area
detector (Image Plate Mar-345). The data thus collected were converted using FIT2D® software.
Rietveld refinement technique, utilizing Materials Analysis Using Diffraction (MAUD) program,
was used to perform in depth structural analysis of the samples.26,27 Temperature dependent Raman
spectroscopic (Model: inVia, Make: Renishaw, UK) measurements were performed using small flakes
of respective samples in the range of 50 to 400 cm-1 using 514.5 nm of Ar+ laser with sub-micron
focusing diameter (objective of 50X magnification with numerical aperture 0.35). An 1800 gr/mm
grating was used for monochromatization with thermoelectric cooled charged coupled device (CCD)
as detector in the back scattering configuration.3,28 Heat capacity (C p ) was measured in the temperature range 4 - 300 K by semi-adiabatic heat pulse method.29,30 Field Emission Scanning Electron
Microscope (FESEM: FEI make Helios Nanolab 600i) equipped with an Octane Pro Energy Dispersive X-Ray (EDX) detector was used for microstructural and microchemical analysis of the samples.31
Powder samples dispersed in ethanol were collected over copper grid and were observed under a FEI
CM 200 Analytical Transmission Electron Microscope (TEM).
III. RESULTS AND DISCUSSION

Temperature dependent XRD patterns for both the synthesized samples, S1 and S2, are shown
in Fig. 1. The XRD patterns reveal that the samples are single phase in nature without the presence
of any impurity phase, at least within the detectable limit of XRD. All the diffraction peaks are
indexed with rhombohedral phase. Thermal variation of structural parameters of S1 and S2 are
extracted using Rietveld refinement. The refinement has been performed using the atomic positions

FIG. 1. Synchrotron powder X-ray diffraction patterns for the Sb2 Te3 samples i.e., S1 (a) and S2 (b) at different temperatures.
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FIG. 2. Lattice constants ‘a’ and ‘c’ of S1 and S2 as a function of temperature. In most cases, estimated errors in the refined
lattice parameters are very much within the size of the data points and are provided in the figure.

and substitutions, i.e., site occupancy of the synthesized Sb2 Te3 samples. Space group R3̄m and
point group D5 3d was used for refinement. Standard Si was used to determine the instrumental
profile.32 The diffraction patterns after refinement, along with the refined parameters are presented in
supplementary material. The XRD data also show that both samples retain their A7-type rhombohedral
phase up to the lowest temperature measured (10 K). Thermal variation of lattice parameters, as
extracted using Rietveld refinement is depicted in Fig. 2. It shows that ‘a’ and ‘c’ values of both the
samples decrease with decreasing temperature. In order to confirm the temperature dependence of
the structural anisotropy of the synthesized samples, c/a ratio of the lattice parameters is plotted as
function of temperature [Fig. 3]. c/a ratio reveals large unit cell elongation, i.e., c/a ∼ 7 and increases
monotonically with increasing temperature. Fig. 3 confirms strong structural anisotropic nature of the
samples.
The micrographs, depicting the morphology the synthesized samples, are shown in Fig. 4. The
FESEM images (Fig. 4a and 4b) reveal the presence of well distributed agglomeration of grains
throughout the matrix. Energy Dispersive X-Ray Spectra (EDS) indicate that only Sb and Te are
present in the matrix at approximate ratio of 2:3, which confirm the stoichiometry, i.e., Sb2 Te3 of
synthesized samples. The low energy peak around 2 keV in the EDS spectra arises due to gold
coating on the samples. Fig. 4(e) and 4(f) show TEM micrographs of the samples that provide further

FIG. 3. Variation of the c/a ratio with temperature for S1 and S2.
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FIG. 4. FESEM micrographs of S1 (a) and S2 (b) and EDS pattern of S1 (c) and S2 (d) indicating that the samples are Sb2 Te3 .
TEM micrographs of S1 (e) and S2 (f) with the corresponding SAED patterns are presented in (g) and (h), respectively. SAED
exhibits rings, indexed to rhombohedral Sb2 Te3 with space group R3m.

insight into the microstructural details of the reported samples. TEM micrographs further confirm
the agglomerated nature of grains. Close observation reveals that grain size of S1 is slightly higher in
size than S2. It is also reflected in the refined room temperature XRD data reported earlier.3 Selected
area electron diffraction (SAED) patterns exhibit ring patterns, which can be readily indexed to
rhombohedral Sb2 Te3 with space group R3m, as shown in Fig. 4(g) and 4(h) for the S1 and S2
samples, respectively.
Thermal expansion coefficient (α L ), which is a measure of lattice expansion of the material can
dL
be derived using the relation αL = L1 dT
, where L denotes lattice constants (i.e., a, c), and T is the
temperature. Fig. 5 depicts the temperature dependence of α a , α c for both the samples.
The lattice dynamics of materials can be macroscopically probed by heat capacity measurement.
Fig. 6 shows the thermal variation of C p for the reported samples. Around room temperature C p (T)
for both the reported Sb2 Te3 samples saturates around the Dulong-Petit value, 124.5 Jmol-1 K-1 .33
However, closed observation reveals that between 200 and 300 K, C p (T) value shows a smooth linear
deviation from the Dulong-Petit limit. The observed deviation per unit temperature between the
measured C p and theoretical value of specific heat at constant volume C v , i.e., ∆C p /K [=(C p - C v )/K]

FIG. 5. Temperature dependence of linear thermal expansion coefficients, αa and αc for the sample S1 (a) and S2 (b). Solid
lines represent best fits using Debye model. The data fairly agree with the Debye T3 law at low temperatures (T < θD ).
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FIG. 6. Thermal variation of the specific heat, C p for the synthesized Sb2 Te3 samples, i.e., S1 and S2. The solid lines represent
the fits to the Debye model.

at 300 K for S1 and S2 samples are presented in Table I. Similar deviation of ∆C p /K is already
reported and is related to the anharmonicity in phonon vibration.6,34 Within the range of quasiharmonic approximation, the effect of anharmonicity in specific heat at around room temperature can
be expressed as:14,35
Cp − Cv = α 2v BVT ,
(1)
where αv (=2α c + α a ) is the volumetric thermal expansion coefficient, B is the bulk modulus, and
other symbols have their usual meaning. Isothermal compressibility (K T ) can also be defined as the
reciprocal of bulk modulus (B). The estimated K T , for both S1 and S2 lies in between 1.5 to 3 Mbar-1
[Table I] and shows an excellent agreement with the K T data reported for Sb2 Te3 .36 Thus the observed
∆Cp for S1 and S2 have an anharmonic origin. Further, the C p (T ) data have been fitted with the Debye
model, which accounts with the collective motion of phonons throughout the crystals of S1 and
S2:33
θD
! 3 T
T
x 4 ex
Cp = γT + 9R
dx
(2)
θD
(ex − 1)2
0

with an extra term γT due to electronic contribution. Here x = hν/kB T, θD = hνD /kB , θD is Debye
temperature, νD is the Debye frequency, R is the gas constant, T is the temperature and γ is Sommerfeld
coefficient. Accurate value of γ can only be obtained from low temperature C p (T) data, e.g., T < 5 K.
Therefore, γ value estimated from our fitting is not reliable. The solid lines in Fig. 6 demonstrate that
the Cp(T ) data of the reported S1 and S2 samples can be described fairly well by the Debye model
[Eq. (2)]. The θ D values, estimated for reported Sb2 Te3 samples, viz., around 170 K for S1 and S2,
agree well within the range with those reported in literature for Sb2 Te3 .2
From the theory of lattice vibration, γ G can be expressed as:18,37
γG =

Kβ
,
CV

(3)

TABLE I. Thermodynamical parameters: Deviation of measured C p value from Dulong-Petit law (∆C p ) per K, isothermal
compressibility (K T ), Gruneisen parameter (γ G ), volume (V) estimated for S1 and S2.
Sample
S1
S2

CP −C v
K

J.mol-1 K-2

0.031
0.039

!
0 3

K T Mbar-1

γG

V A

2.79
1.65

2.24
2.05

407.87
407.61
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where, K is the bulk modulus, C V is the heat capacity at constant volume and β is the coefficient of
volume expansion. For solid sample C p and C V are nearly the same. β for the synthesized S1 and
S2 samples can be derived from the knowledge of corresponding α a , α c . Using B (=44.8 GPa)18 for
Sb2 Te3 , the value of C p and β at 300 K, γ G is calculated for sample S1 and S2 [Table I]. There are
also similar reported values of γ G for related other TE materials.37 Usually, γ G and K are nearly
constant with respect to temperature variation. Therefore, Grüneisen relation (Eq. 3) indicates that
C p (T) and α a (T), α c (T) show similar temperature dependence.2,18,37 Hence like C p (T) data, attempt
has been made to fit α a (T), α c (T) data with Debye model:
θD

αL (T ) = α0

T
θD

! 3 T
0

x 4 ex
(ex

− 1)2

dx,

(4)

where, α 0 is a temperature independent fitting parameter. Solid lines in Fig. 5, represent best fits using
Debye model. Close observation reveals that experimental data of α a (T ) and α c (T ) deviates from the
Debye model for both the samples, particularly at high temperature regime (T >θD ). Chen et. al.18 also
previously reported that for Sb2 Te3 single crystals, α L (T) data agree well with the Debye T3 law at
low temperatures, while above 150 K, the experimental results deviate from the Debye model.18 The
observed high temperature deviation from Debye model may arise due to higher order anharmonic
effects in lattice vibration and degradation of the van der Waals bond at elevated temperature.4
An attempt to extract the higher order anharmonic effects in lattice vibration is made from the
temperature dependent Raman spectra (RS). In the measured frequency range of 50 to 200 cm-1 ,
RS clearly indicate the presence of three peaks centred at about 69, 112, and 166.6 cm-1 , which
corresponds to the Raman active phonon modes A11g , Eg2 and A21g , respectively. The details analysis
of the room temperature RS for Sb2 Te3 samples has been discussed in our earlier reports.3,4 Similar
results on room temperature Raman analysis are also reported by other groups.19,38,39 However, very
limited efforts have been observed in temperature dependent Raman spectroscopic study of Sb2 Te3
and related system.19,20,40
Raman peaks show blue shift and corresponding linewidth decreases with decreasing temperature. The position of the peaks and corresponding linewidth are determined by fitting Lorentzian
function. A mathematical de-convolution is also used for clarity of fitting of the Raman peaks. To
analyze the temperature dependent behavior of the synthesized S1 and S2 samples, symmetrical
three phonon coupling model, also known as Klemens’s model,19 is employed. This model is an
approximation to the phonon-phonon interaction, but widely used to interpret anharmonicity in similar systems.19,20,41 In harmonic approximation, the bare phonon frequency is obtained from the 2nd
order expansion of the lattice potential in normal coordinates. The phonon-phonon coupling leads to
the renormalization of the phonon frequency, which can be described by higher order anharmonic
terms. In Klemens’s model, an optical phonon is assumed to decay into two phonons with equal energies and opposite momentum, but it neglects the “coalescence” process where two phonons fuse into
a third phonon.42 In this case, thermal population of the 2nd phonon is very small in lower temperature
region; therefore the coalescence process can be neglected in this regard. The thermal variation of
phonon frequency can reveal information on the phonon anharmonicity.4,40,43 Thermal variation of
phonon frequency ω(T) is expressed as:
ω(T ) = ω0 + ∆ω(1) (T ) + ∆ω(2) (T ),

(5)

∆ω(1) (T )

where ω0 is the harmonic part,
is anharmonic correction part arising solely due to the
lattice thermal expansion and ∆ω(2) (T ) is the anharmonic phonon-phonon coupling term. The term
∆ω(1) (T ), is given by:
T
∆ω (T ) = ω0 [exp(−γG
(1)

[αc (T 0) + 2αa (T 0)]dT 0) − 1],

(6)

0

where the symbols have their usual meaning. The γG values, as estimated for sample S1 and S2
[Table I] are used for estimation of ∆ω(1) (T ). The 3rd term in equation 5, i.e., anharmonic phononphonon coupling term is given by:
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FIG. 7. Temperature dependence of all phonon modes of S1 (a) and S2 (b). The symbols represent peak positions extracted
from the experimental data using Lorentzian peak fitting. The solid lines are best fit to the Klemens’s model (equation 5).

∆ω(2) (T ) = A1 [1 + n(ω1 ) + n(ω2 )],

(7)

with ω1 = ω2 = ω0 /2 and n(ω) = [exp(hω/k B T ) −
‘A1 ’ being the fitting parameter. Fig. 7(a),
(b) shows the temperature dependence of Raman frequencies for different modes, viz., A11g , Eg2 and
A21g for S1 and S2, respectively. Red solid lines in Fig. 7(a) and (b) represent best fit with Klemens’s
model. Corresponding fitting parameters of all the modes are represented in Table II. Temperature
variation of the anharmonic terms are also presented in supplementary material. It is revealed that for
both S1 and S2, the anharmonic contribution increases with increasing temperature for all the Raman
active modes (A11g , Eg2 and A21g ). Change of ∆ω(1) (T ) and ∆ω(2) (T ) in the temperature range 80 K to
1]−1 ,

300 K, is defined as:

∆ω (1) (T )300K −∆ω (1) (T )80K
∆ω (1) (T )300K

X 100% and

∆ω (2) (T )300K −∆ω (2) (T )80K
∆ω (2) (T )300K

X 100%. It is revealed

that for all the Raman active modes, change in ∆ω(1) (T ) is same for both S1 and S2. However, change
in ∆ω(2) (T )for both S1 and S2 varies for different Raman modes.
It is noteworthy to mention that, anharmonic phonon-phonon interaction leads to the renormalization of phonon lifetimes.40 This prompted us to analyze the temperature dependence of phonon
linewidth, L(T) for all the available Raman active phonon modes i.e., A11g , Eg2 and A21g of both S1 and
S2. We use the modified Klemens’s model to analyze L(T). In comparison with Klemans’s model,
modified Klemans’s model includes a temperature independent disorder induced scattering term L0
and is thus more appropriate for Sb2 Te3 and related systems, where defect plays a significant role.20
The modified Klemens’s model is given by:20,41
L(T ) = L0 + A2 [1 + n(ω1 ) + n(ω2 )],

(8)

where, L 0 results from disordered scattering, A2 is called cubic anharmonicity and other parameters have usual meaning. A similar temperature dependence of L(T) is observed for all the
phonon modes. The temperature dependence of Linewidth for different Raman active modes, viz.,
A11g ,Eg2 and A21g for S1 and S2 respectively is presented in supplementary material. An increase in
TABLE II. Obtained best fit values of fitting parameters from Klemens’s model fitting.
Sample

S1

S2

ω 0 (cm-1 )

A1 (cm-1 )

A11g

69.38

−0.17

0.54

Eg2

113.30

−0.06

0.57

A21g

165.64

0.84

0.74

A11g

67.62

0.02

1.42

Eg2
A21g

124.94

−0.46

1.62

167.31

−0.39

3.07

Raman Mode

A2 (cm-1 )
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parameter A2 is seen as energy of the phonon mode increases [Table II]. This is expected because
at higher energy modes a large phase space becomes available for decay. Furthermore, close observation reveals that for the individual phonon modes A2 value is higher for S2. This indicates that
cubic phonon anharmonicity is higher in semiconducting Sb2 Te3 sample, which possess higher defect
density.3
Some recent reports indicate that phonon anharmonicity significantly influence thermal conductivity (κ) of thermoelectric materials.9,10 κ comprises of two part, κ L and κ e (electronic thermal
conductivity). For defect rich Sb2 Te3 system, different scattering mechanisms e.g., electron-phonon
scattering, phonon-phonon interaction and defect scattering dominate its transport properties.3 The
heat is conducted by acoustic phonons and at high temperature the Umklapp process is dominant in
scattering heat conducting phonons.14 An empirical formula discussed by Slack 11 in the Umklapp
scattering limit for determination of κ L is given by:
κL = Λ

3δ
Mθ D

γG2 n2/3 T

,

(9)

where, Λ (∼ 3.1x10-6 ) is a constant, M is the average atomic mass in the unit cell, δ3 is the volume per atom, and n is the number of atoms in the primitive cell.6,14,44 With M in amu and δ in
Å, κ L is in W/mK.6,14 For the calculation of κ L , average atomic mass (M), estimated values of θ D
and γG for S1 and S2 are used. For δ3 , average out unit cell volume i.e., V/5 is used, where V is
obtained from the Rietveld refinement data [Table II]. Electronic part of thermal conductivity can be
easily estimated using Widemann-Franz law, i.e., κ e = σLT where σ is the electrical conductivity,
L (= 2.44 x 10-8 WΩK-2 ) is the Lorentz number, and T is absolute temperature. Room temperature
resistivity value of S1 and S2,3 are used for the calculation of κ e . Calculation yields, κ (= κ L +κ e )
for S1 and S2 are 1.49 and 1.32 W/mK, respectively. Thus κ is around 15% lower for the semiconducting sample (S2), which has higher defect density and larger phonon anharmonicity. Our
earlier measurement reveals that semiconducting Sb2 Te3 sample (S2) possesses higher Power Factor
2
(PF = Sρ ).3 Taking account of the κ values calculated above, the estimated thermoelectric Figure
of Merit (ZT = PF
κ T ) is 0.03 and 0.08 respectively for S1 and S2. So, the ZT value obtained for
semiconducting sample (S2) is higher than that of its metallic counterpart (S1). From the viewpoint
of potential applications, it should be acknowledged that the ZT value is low. However, similar ZT
values for Sb2 Te3 sample have been reported earlier. Yan et al. reported ZT values of < 0.1 for Sb2 Te3
nanoplatelets at room temperature.45 In addition, similar low ZT values around room temperature for
Sb2 Te3 nanoparticles and powder samples, have also been reported by Yang et al. and Zheng et al.,
respectively.46,47
Above analysis reveals that phonon anharmonicity significantly influences the corresponding
TE property. To find out the origin of such anharmonicity, the temperature dependent Debye-Waller
factor (Biso ), as obtained from Rietveld refinement is employed. The values of Biso for both S1 and
S2 at different temperature are presented in supplementary material. Biso generally consists of two
parts, i.e., Bstatic andD Bdynamic
of temperature and can be calculated using the
E . Bstatic
D is independent
E
2
2
relation: Bstatic =8π 2 ustatic
with ustatic
= (rA − rB )2 y(1 − y), where r A (=1.3Å), r B (=1.2 Å) are
atomic radii of Sb and Te respectively and y = 0.4. Estimated value of Bstatic is 0.19 for both S1 and
S2. The value of Bdynamic can thus be obtained using the Bstatic and temperature dependent Biso values.
It is noteworthy to mention that, temperature dependence of Bdymanic is mostly responsible for the
thermal variation of Biso . The parameter Biso , arising due to positional disorder, are quite high for
both S1 and S2 (see supplementary material). Sb2 Te3 system possesses anti-site (AS) defects, which
lead to high hole concentration (∼ 1019 ).28 Sb atoms may occupy off-center position because of the
differences in ionic size of Sb and Te. The off-centering, which varies with temperature results in
local positional disorder of the system44,48 and gives rise to the observed thermal variation of Bdymanic
and/or Biso .49 The thermal variation of θ D value for the S1 and S2 sample are estimated using the
relation:50
θD


! 2 T
T
xdx 
6h2  1
,
) +
(10)
Biso = (
MkB θ D  4
θD
ex − 1 


0
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FIG. 8. Thermal variation of Debye temperature (θ D ) for S1 and S2. The errors in θD are within the size of the data points.

The Biso values, as obtained from Rietveld analysis (supplementary material), are utilized for the
estimation of θ D . Fig. 8 depicts that θ D increases with increasing temperature and changes in similar
fashion as that of temperature dependence of c/a. Thus, The large structural anisotropy in the present
samples (Fig. 3) is related with the observed temperature variation of θ D . Similar variation of θ D with
temperature is also reported for the Bi2 Te3 based chalcogenide materials.21 In accordance with our
earlier report for Sb2 Te3-x Sex system, it can be concluded that the high phonon anharmonicity in the
reported Sb2 Te3 samples is related with the large structural anisotropy observed in the samples and
gives rise to the temperature dependence of θ D .
IV. CONCLUSION

In summary, the temperature dependent linear thermal expansion coefficients (α L ), specific
heat (C p ) and Raman spectroscopic measurements of polycrystalline Sb2 Te3 samples are investigated. It is observed that the reported Sb2 Te3 samples contain large structural anisotropy along with
phonon anharmonicity. Furthermore semiconducting Sb2 Te3 sample, which possesses larger defect
density also have high ZT value and high cubic phonon anharmonicity. It is revealed that engineering phonon anharmonicity leads to the lower value of κ and is intimately related to the betterment
of TE performance. It is noteworthy to mention that, the estimated ZT values (0.08 for S2 and
0.03 for S1) are low from the viewpoint of commercial applications, where potential ZT value and
conversion efficiency also need to be considered. Yet around 3 times enhancement of TE performance in semiconducting Sb2 Te3 sample is remarkable. The ZT values may further be improved
by doping at Sb or Te site and tuning the carrier concentration. However, our results clearly indicate that anharmonicity engineering is a favorable route for improving TE performance in Sb2 Te3
thermoelectrics.
SUPPLEMENTARY MATERIAL

Supplementary material contains X-ray diffraction patterns after Rietveld refinement along with
the corresponding refinement parameters, temperature dependence of anharmonic parameters and
phonon linewidth of all the Raman active modes for both the samples.
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