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Antimony telluride (Sb,Tes) nanoparticles of different sizes were fabricated by mechanical alloying (MA)
of elemental Sb and Te powers for different durations. The powder nanostructures were pelletized,
annealed in Ar ambient, and characterized by XRD, FESEM, TEM to study the effect of milling time and
thermal treatment on particle size, grain growth, and crystallinity. The annealed and unannealed
pelletized nanostructures were analyzed in a PPMS to study the effect of grain growth on their electrical
and thermoelectric properties. Room temperature electrical conductivity of the p-type semiconductor
nanostructures improved significantly (from ~10> to ~ 10> mho/m) due to thermal annealing and results
in the considerable improvement in thermoelectric figure of merit (ZT). Thermal annealing-induced
grain growth also transforms the semiconducting nature of the sample to metallic. The reduced ther-
mal conductivity of the nanostructures with reduced grain size improves the ZT. The temperature-
dependent Lorenz number (Leffective) iS used to find the electronic contribution of total thermal con-
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ductivity, and it is explained by the non-parabolic Kane model.
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1. Introduction

Thermoelectric materials are efficient converters of waste heat
into useable electrical energy due to their high Seebeck coefficients
[1,2]. Thermoelectric figure of merit ZT defines the performance of a
thermoelectric material in converting thermal energy to electricity.
The ZT is defined as, ZT = S?T/K, where S,0, and K represent the
Seebeck coefficient, electrical conductivity, the thermal conductivity
of the material, respectively, and T is the temperature in K [3]. The S%c
term is defined as the power factor. Owing to the demand for alter-
native energy sources, the quest for new materials with an improved
figure of merit (ZT) has increased globally at a rapid rate [4,5].

In general, semiconductors are better thermoelectric materials
compared to metals [6]. According to Wiedemann-Franz law [7],
most metals have a nearly constant electrical to thermal conduc-
tivity ratio, and increasing electrical conductivity is difficult
without increasing their thermal conductivity. However, a good ZT
value requires a high electrical conductivity and simultaneously a
lower thermal conductivity. Hence, for metals or metallic alloys, the
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only possible way to obtain a significant figure of merit is to have a
high value of the Seebeck coefficient. Unfortunately, most metals
show very small Seebeck coefficients (~10 uV/K), and their ther-
moelectric efficiencies are only fractions of a percent. On the other
hand, semiconductors with comparatively higher Seebeck coeffi-
cient values (~100 uV/K) had drawn strong attention as thermo-
electric materials since 1920 [8]. Low bandgap semiconductors
possess high electrical conductivity, comparable to metals.
Compared to bulk materials, nanomaterials have low thermal
conductivity because of lower lattice thermal conductivity result-
ing from the increased phonon scattering due to smaller grain size
[9—12]. Thus, nanostructured semiconductors of smaller bandgaps
are considered the most favorable thermoelectric materials as they
produce a reasonably higher figure of merit values.

Antimony telluride (SbyTes), a low bandgap semiconductor, has
been considered as one of the promising thermoelectric materials for
low-temperature applications [13—15]. Nano-structured Sb,Tes thin
films fabricated by physical vapor deposition [16], metal-organic
chemical vapor deposition [17,18], thermal co-evaporation [19],
flash evaporation [20], electrochemical method [21], ion beam sput-
tering [22], molecular beam epitaxy [23] etc. have shown good ther-
moelectric conversion efficiency. On the other hand, single-phase
SboTes  nanoparticles  synthesized by  microwave-assisted
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decomposition of the single-source precursor [24], chemical syn-
thetic process [25], and mechanical alloying (MA)[26] have also been
tested for thermoelectric applications. Among them, the primary
advantages of the mechanical alloying method are its simplicity,
ability to produce nanoparticles in a short duration of time with the
least number of starting materials, and easy control over their crys-
tallite size. The nanoparticles synthesized by the mechanical alloying
process have also shown good thermoelectric behaviors [27—32].
However, there are hardly very few works where the phase pure
SbyTes nanoparticles have been fabricated by mechanical alloying
[26]. So, there is a large scope to explore the thermoelectric behavior
of pure SbyTes phase synthesized by facile and time-efficient MA
process. Again, as the grain size of nanoparticles plays an important
role in their thermoelectric performance, several reports have been
published in the literature studying the grain size effect on thermo-
electric properties of SbyTes [13,33—35] and its alloys [36,37]. Since
the nanomaterials synthesized by mechanical alloying contain sig-
nificant lattice imperfections and pores, a post-growth thermal
treatment is necessary to reduce the porosity and defects in these
nanostructures [38] to enhance their electrical conductivity. Thermal
treatments such as hot pressing, annealing in an inert ambient and
spark plasma sintering (SPS) have been utilized on fabricated semi-
conductor nanostructures to improve electrical conductivity and their
effect on several transport properties of nanostructured SbyTes;
[26,39] and its alloys [27,35,40—43] have been studied.

The effect of grain size and film thickness on thermal and
electrical transport properties of SbpTes thin films have been
studied earlier [13,33—35]. However, the grain size effect of
spherical nanocrystallites on thermal and electrical transport
properties of SbyTes powdered sample has not been studied yet.
Thus, the primary purposes of the present work are, (i) to explain in
details the spherical grain size effect on thermoelectric properties
of the nanocrystalline single-phase Sb,Tes synthesized within a
record short duration of 3 h, employing MA (first reported here),
and (ii) to study the effect of heat treatment of the sample on
different transport properties in the context of grain growth. This
article also deals with the modified Lorenz number (Leffective),
which changes with temperature to calculate electronic thermal
conductivity, which lowers its value much from the value calcu-
lated with constant Lorenz number (Ly = 2.45 x 108 WQ/K?) in the
theoretical limit. The non-parabolic Kane model is considered in
this context. The wide temperature variations of total thermal
conductivity along with electronic and lattice thermal conductivity,
as well as Lorenz number of SbyTes nanocrystals having different
sizes, are described elaborately for the first time in this work.

In this article, we present the one-step fabrication of single-
phase Sb,Tesz nanoparticles of almost spherical morphology by
mechanical alloying of elemental precursors within only 3 h of
duration. The structure and microstructure characterizations of
synthesized ball-milled nanoparticles before and after thermal
annealing have been done employing Rietveld refinement of X-ray
diffraction (XRD) pattern, analyzing field-emission scanning elec-
tron microscope (FESEM) and transmission electron microscope
(TEM) images. The Fourier-transform infrared (FTIR) spectra reveal
the bandgap measurements of milled and annealed samples. All the
thermal and electric transport properties are measured using a
physical property measurement system (PPMR) to observe the ef-
fects of alloying time and thermal annealing on the transport
properties of the Sb,Tes nanostructures. We demonstrate that the
electrical conductivity of the nanostructures can be enhanced
significantly by thermal annealing. Utilizing the non-parabolic
Kane model, we have described how the effective Lorenz number
(Leffective) contributed to the electronic and lattice components of
thermal conductivity of the nanostructures, and hence on their
figure of merit.
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2. Experimental
2.1. Material synthesis

For the fabrication of Sb,Tes nanostructures by MA, a stoichio-
metric mixture of Sb (99%, SRL) and Te (99.8%, Sigma-Aldrich) metal
powders were taken in a chrome steel bowl of 80 ml volume
containing 30 chrome steel balls of 10 mm diameter each under Ar
atmosphere and sealed hermetically. The powder mixture was then
milled in a planetary ball mill (P6, M/S Fritsch, GmbH, Germany)
with a ball to powder mass ratio 40:1 for 1 h, 3 h, 5 h, and 10 h
durations. After each 15 min, the milling process was paused for
15 min to keep the bowl temperature well below the melting
temperatures of the metal powders and avoid contamination from
milling media. The milled powders were collected and cold-pressed
in a hydraulic press uni-axially to form pellets under a pressure of 5
ton for 15 min in stainless steel die of 13 mm diameter. An equal
amount (600 mg) of each of the powder samples was taken for
pelletization to obtain compact pellets of 13 mm diameter and
similar thickness. All the pelletized samples were annealed at 573 K
for 6 h under the Ar atmosphere inside a carbolite horizontal
furnace. The temperature of the furnace was increased at 2°C/min,
and the Ar gas flow was maintained at 120 cc/min. The thickness of
the thermally treated pellets were 1.18, 0.98, and 0.88 mm for 3 h,
5 h, 10 h milled samples, respectively.

2.2. Material characterization

Structure and microstructure characterizations of the unmilled,
all ball milled, and annealed pellet samples were carried out by
analyzing their X-ray diffraction (XRD) patterns recorded using Cu
K, radiation (1.5406 A) of a Bruker AXS, D8 Advance diffractometer
operating at 40 kV and 40 mA. The XRD patterns were recorded
from 20° to 80° 20 range in step scan mode, with a step size of 0.02°
and scanning time of 2s/step. For morphology and fine structure
analysis of the samples, they were analyzed in a field-emission
scanning electron microscope (FESEM, ZEISS, Sigma 300) and a
transmission electron microscope (TEM, JEOL, JEM 1400 plus). For
composition and element distribution analysis, EDX spectra of the
samples were recorded in the ZEISS microscope attached to Ametek
analytical system.

The Fourier-transform infrared (FTIR) spectra of representative
Sb,Tes samples (10 h milled samples) were recorded before and
after thermal treatment to study the effect of thermal treatment on
bandgap and chemical bonding. For recording the FTIR spectra of
the samples, a tiny amount of sample was mixed with dry KBr (with
a mass ratio 1:40), well ground in an agate mortar for 10 min and
pelletized in a hydraulic press, under 1000 kg/cm? pressure for
10 min and analyzed in a Perkin-Elmer (FRONTIER) spectrometer in
the 400-4000 cm™! spectral range.

Electrical and thermal transport properties of the 3, 5, and
10 h milled annealed and un-annealed (10 h milled) samples
were studied in a Quantum Design Dynacool-9 physical proper-
ties measurement system (PPMS). For thermal and electrical
contacts, four copper wires of 0.85 mm diameter were attached
to each of the samples of rectangular shape with silver epoxy
H20E and dried for 1 h in air. The contacts were further dried at
100°C (2°C/min heating rate) in the Ar atmosphere for 2 h. The
samples with contacts were then mounted on the TTO (thermal
transport option) port and incorporated into the PPMS system for
electrical and thermal measurements. All the measurements
were performed in the 30—400 K temperature range to study the
temperature dependence of the transport behavior of the
samples.
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3. Method of analysis

Rietveld’s refinement of XRD data is one of the most effective
means for the structure and microstructure analysis of crystalline
materials [44—46]. In the present study, we have utilized the
Rietveld refinement software MAUD (version 2.55) [47] for
analyzing XRD data of the annealed and unannealed Sb,Tes nano-
structures fabricated by mechanical alloying. A pseudo-Voigt (pV)
analytical function was considered to estimate the individual
contribution of size and lattice strain in the fitting of experimental
peak broadening [48,49]. A specially prepared Si standard [50] was
used for eliminating the instrumental broadening effect on the
acquired sample data. A polynomial of degree 6 has been consid-
ered for fitting the background intensity of each XRD pattern. The
Marquardt least-squares method was adopted for minimization of
the difference between the observed (Ig) and simulated/calculated
(I¢) intensities of the XRD patterns. The quality of fitting expressed
as the goodness of fit (GoF) was defined as:
GOF = Rwp/Rexp (1)
where Ryp and Reyp are the weighted residual error and expected
error, respectively [47,50,51]. Refinements through iterative pro-
cesses were continued until the GoF value approaches close to
unity, which indicates the convergence between experimental and
refined data. In all the cases, the GoF value varied between 1.06 and
1.09, indicates good fitting between the experimental and simu-
lated data.

4. Results and discussion
4.1. Structure and microstructure characterization
XRD patterns of an unmilled Sb + Te powder mixture and as-

grown samples prepared by 1, 3, 5, and 10 h ball-milling are pre-
sented in Fig. 1. As can be noticed, the diffraction pattern of the
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unmilled powder mixture (0 h milling) revealed all significant re-
flections, exclusively from the elemental Sb (space group: R-3m)
and Te (space group: P3;21). While the peaks matched well with
corresponding standard diffraction patterns of the elements (Sb:
JCPDS # 35—0732, Te: JCPDS# 36-1452), relative intensities of all
the reflections are also in good agreement with the corresponding
phase abundance in the mixture. It can also be noticed (Fig. 1) that
the formation of the SbyTes phase was initiated after 1 h of ball
milling and completed after 3 h of milling. There is no significant
difference between the XRD patterns of 5 h and 10 h milled samples
except an increase of peak broadening, probably associated to a
reduction of crystallite size due to prolonged milling. All the
prominent peaks of these diffraction patterns could be indexed to
the standard diffraction planes of the Sb,Tes phase (JCPDS file #15-
0874). The results indicate the formation of pure nanocrystalline
Sb,Te3 without contamination either from the precursors or from
the milling medium. Apart from smaller crystallite size, observed
broadening of the diffraction peaks might also be due to the
accumulation of r.m.s. lattice strain, deformation, and twin stacking
faults within the crystallites during ball milling [52].

As the structural and microstructural parameters play signifi-
cant roles in the physical properties of nanostructured materials,
we have analyzed the microstructural parameters of the fabricated
nanostructures through Rietveld refinement of their XRD patterns.
The experimental and refined simulated XRD patterns of the SbyTes
samples prepared by 3, 5, and 10 h ball milling after annealing are
shown in Fig. 2(a). For highlighting the effect of thermal treatment,
the Rietveld refinements of XRD data of the fresh and thermally
annealed 10 h milled sample have been presented in Fig. 2(b). In
both figures, solid red dots, continuous black, and blue lines
represent experimental or observed (Io) XRD data, simulated or
calculated (Ic) XRD patterns, and the residual (lo—Ic) intensity
(plotted below the respective XRD pattern) respectively. As can be
noticed, the 0 h milled sample revealed both antimony and tellu-
rium phases. The single-phase rhombohedral Sb,Te; (with hexag-
onal setting) was formed entirely after 3 h milling and structurally
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Fig. 1. XRD patterns of the unmilled Sb + Te powder mixture (0 h milled) and Sb,Te; samples prepared by 3, 5, and 10 h of ball milling.
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Fig. 2. The Rietveld refinement output of (a) all the ball-milled samples after annealing, and (b) 10 h milled Sb,Te; sample before and after thermal annealing, for comparison, the
XRD pattern of the 0 h milled Sb + Te powder mixture, along with its Rietveld fitting has been included.

remained unaltered up to 10 h of milling. Thermal annealing in Ar
atmosphere (Fig. 2(b)) induced no structural change, except a sharp
increase in intensity and narrowing of diffraction bands. All the
diffraction peaks of the 3, 5, and 10 h annealed samples (Fig. 2(a))
correspond to SbyTes phase and are indexed as per JCPDS file #15-
0874. Here all three experimentally obtained XRD patterns are
fitted with SbpTe; (COD# 9007590, Sp. Group: R-3m(H),
a=4264 A, c =30458 A) phase.

As can be seen in Fig. 2(a), residual intensity patterns for all the
annealed samples are almost straight lines, indicating a good
quality of fitting. As evident in Fig. 2(a), the peak-broadening in-
creases gradually with milling time, probably due to the decrease of
crystallite size on prolonged milling. While the XRD pattern of the
0 h milled sample (Sb + Te powder mixture) (Fig. 2(b)) could be
simulated perfectly with elemental Sb (COD# 8100523,Sp. Group:
R-3m (H), a = 4.2687 A, c = 10.9244 A) and Te (COD# 1011098, Sp.
Group: P3121, a = 4454 A, c = 5.924 A) phases, the XRD patterns of
the 10 h milled (annealed and unannealed) sample could be fitted
with single Sb,Te; phase (COD# 9007590, Sp. Group: R-3m(H),
a=4.264A, c =30.458 A). All major reflections of both 10 h milled
un-annealed and annealed samples are identified and indicated
with solid dot symbols (Fig. 2(b)). Enhanced sharpness of XRD
peaks of the annealed samples is associated with increases in
crystallite size, along with a reduction of lattice strain in the
nanocrystals due to thermal treatment. Some weak intensity peaks,
which are absent in the milled pattern due to size broadening,
became visible after annealing. Structural and microstructural pa-
rameters obtained by Rietveld refinement of the 10 h milled Sb,Tes
sample before and after its thermal treatment are presented in
Table 1. As can be seen, there is a significant increase in crystallite
size and reduction of lattice strain after annealing the sample.
However, lattice parameters remained almost unchanged on ther-
mal annealing of the sample.

Table 1

Fig. 3 shows the variation of crystallite size as well as r.m.s.
lattice strain with milling time for the annealed samples. The
average crystallite size of the annealed samples diminished grad-
ually from 300 nm to 125.15 nm as milling duration increased from
3 h to 10 h due to induced lattice deformation caused by me-
chanical alloying for a more extended period. However, the lattice
strain increased insignificantly from ~ 4.10 x 10~%t0 4.29 x 10~%in
the nanocrystals due to inclusions of lattice imperfections caused
by severe plastic deformation on the course of milling.

Fig. 4 shows the size and r.m.s. strain distributions in the Ar
annealed Sb,Te3 nanocrystals as obtained from Rietveld analysis. As
can be seen in Fig. 4(a), the crystallite

size distribution gradually becomes narrower with a shift of
most probable size value towards lower value (~125 nm) with
increasing milling time, indicating a reduction of crystallite size
along with the formation of mono-dispersed nanocrystals due to
prolonged mechanical alloying. On the other hand, the microstrain
distributions (Fig. 4(b)) for all samples indicate that the lattice
strain decreases asymptotically up to L ~125 nm and then became
insignificant, which signifies that the nanocrystallites of sizes
below 125 nm contain a significant quantity of strain.

Fig. 5 depicts the variation of lattice parameter with milling time
for the annealed Sh,Te; samples. The lattice parameter ‘a’ reduces,
and ‘c’ increases with increasing milling time, indicating the crys-
tallites are elongated gradually along its needle axis ‘cC’ with
increasing milling time.

Crystallinity and microstructure of the fabricated Sb,Tes nano-
structures were studied further by transmission electron micro-
scopy (TEM). Fig. 6(a) shows a typical TEM image of the as-prepared
SbyTes sample prepared by 10 h of ball-milling. The formation of
quasi-spherical particles of nanometer dimension (marked by iso-
lated red circles) in the sample is evident in the TEM micrograph. As
can be noticed in the size distribution histogram presented in

Results of Rietveld refinement for 10 h milled Sb,Te; sample before and after thermal annealing.

Structural parameters

10 h milled un-annealed sample

10 h milled annealed sample

Crystallite size (nm) + (1072)
Lattice strain + (107°)
Lattice parameters(A) + (10~°) a=b

16.18 125.15
2.15 x 1073 429 x 1074
4.2644 4.2646
30.4784 30.4784
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Fig. 3. Variations of crystallite size and lattice strain with milling time for the thermally treated Sb,Te; samples.
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Fig. 5. Dependences of lattice parameters “a” and “c” on milling time in the annealed
Sb,Te; samples.

Fig. 6(b), the sample contains nanoparticles of narrow size disper-
sion (13-20 nm) with an average size ~ 17 nm. The selected area
electron diffraction (SAED) pattern of the sample (Fig. 6(c))
revealed both continuous rings and well-defined diffraction spots,
indicating the coexistence of nanostructured domains and coarser
crystallites respectively after 10 h ball-milling. The appearance of
multiple diffraction rings corresponds to different crystal planes
that show the polycrystalline nature of the nanoparticles.

A significant grain growth could be noticed in the TEM image of
the sample after thermal annealing (Fig. 6(d)). However, the par-
ticles become more disperse after thermal annealing, with size
variation from 60 to 180 nm. The average size of the particles
remained ~120 nm (Fig. 5(e)), which is about seven times bigger
than the particle size in the sample before its thermal annealing.
The SAED pattern of the sample (10 h milling, annealed) presented
in Fig. 6(f) revealed its much-improved crystallinity, with high
contrast and well-defined diffraction rings containing sharp
diffraction spots. All the diffraction rings of the samples (annealed
and un-annealed) could be assigned to the lattice planes of SbyTes.
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Fig. 6. a) TEM image, (b) grain size distribution histogram, and (c) indexed SAED pattern of as-grown (unannealed) Sb,Te; nanoparticles prepared by 10 h ball milling. (d) TEM
image, (e) grain size distribution histogram, and (f) indexed SAED pattern of annealed Sb,Te; nanoparticles prepared by 10 h ball milling.

The absence of unidentified diffraction rings in the diffraction particles fabricated by 10 h ball milling. Effects of thermal anneal-
pattern of the samples indicates the lack of any other phase or ing on grain-growth, enhancement of particle size, along with

impurity in the nanostructures, in complete agreement with the compactness of the particle-matrix are clear from these images.
results obtained from the Rietveld refinement of their XRD Due to annealing, the spherical-shaped nanoparticles (Fig. 7(b))
patterns. grow inhomogeneously along different planes, producing faceted

Fig. 7 presents typical SEM images and particle size distribution particles of anisotropic shapes (Fig. 7(e)). In contrast, the size dis-
histograms of the as-grown and thermally annealed Sb,Tes tribution of the particles in both the as-grown and annealed

16.

-
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No. of grains

IS
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5

No. of grains

100 150 200 250 300
Grain size (nm)

Fig. 7. Typical (a,b) SEM images and (c) size distribution histogram of the as-grown Sb,Tes particles prepared by 10 h ball milling. Representative (d,e) SEM images and (f) size
distribution histogram of the annealed Sb,Tes particles prepared by 10 h ball milling.
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samples could be fitted well with Gaussian distribution
(Fig. 7(c),(f)). The average size of the particles increased from
~20 nm to ~150 nm due to thermal annealing, which is close to the
corresponding values estimated both from the Rietveld refinement
and TEM analysis of the samples (Fig. 6).

For analyzing the effect of thermal treatment, the qualitative
energy dispersive X-ray (EDX) analysis was performed on the as-
grown and annealed Sb,Tes nanostructures prepared by 10 h ball
milling, and the results are shown in Fig. 8(a) and (b), respectively.
The EDX spectrum of the sample (Fig. 8(a) and (b)) revealed char-
acteristic emission bands of Sb and Te, along with C originating
from carbon tape utilized for sample mounting. There appeared no
signal correspond to any other element in the EDX spectrum of the
sample, indicating the high purity of the fabricated nanostructures.
The EDX estimated elemental composition of the as-grown
(unannealed) nanostructures (Fig. 8(a)) was ~40.33 at% Sb and
~59.67 at% Te, which is close to the stoichiometry of the compound
Sb,Tes. On the other hand, the thermally annealed nanostructures
also revealed Sb and Te distribution with 39.11 and 60.89 at% Sb and
Te contents (Fig. 8(b)), respectively. The results demonstrate that
the mechanical alloying process with subsequent thermal anneal-
ing utilized in the present study is very useful for fabricating stoi-
chiometric SbyTes nanostructures of high crystallinity without
significant contamination from the reaction medium.

Considering the structure and microstructural parameters ob-
tained from the Rietveld refinement of XRD pattern of the Sb,Tes
nanostructures prepared by 10 h ball milling (annealed), an atomic
model of the Sb,Tes lattice could be constructed and presented in
Fig. 9. Positions of Sb and Te atoms in the rhombohedral
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(hexagonal) unit cell are shown along with the a, b, and c axes
directions. Locations of the densest lattice planes (0 15) in the unit
cell are shown in cyan color, along with their interplanar spacing

(do1s)-

4.2. FTIR spectra and bandgap estimation of the ShyTes
nanoparticles

Fig. 10 depicts the FTIR transmission spectra of the10 h milled
sample before and after thermal annealing, recorded over 400-
4000 cm~! spectral range. Both the samples revealed 6 clear ab-
sorption bands in their FTIR spectrum, which could be identified.
The absorption band appeared around 734 cm~' for both the
samples corresponds to the Sb—O—Sb stretching vibration [53],
which may occur due to surface oxidization. The absorption peak
becomes prominent after annealing. It may happen due to the
presence of oxygen as leakage during Ar annealing and the more
chances of surface oxidization than the unannealed one. The band
revealed at 1635 cm™! corresponds to the C=0 stretching mode of
absorbed CO, [54,55], and the 2351 cm™! band corresponds to —C-
H bond [55] of the organic molecules absorbed during the sample
preparation and handling. The broadband appeared around
3410 cm~! is attributed to the hydroxyl (-OH) group of water
adsorbed at the surface of the powder sample [54,55]. As can be
noticed, the absorption band is considerably broader and intense
for the as-grown (unannealed) sample in comparison to the
annealed sample due to the reduction of adsorbed water on ther-
mal annealing. The absorption bands appeared at ~3782 cm~, and
~3892 cm ! correspond to free —OH stretching vibrations [56,57].
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Fig. 8. EDX spectrum (inset showing corresponding weight % and atomic %) of (a) the 10 h milled un-annealed Sb,Te; sample, (b) the 10 h milled annealed Sb,Te; sample.
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Fig. 9. Atomic model of the rhombohedral (hexagonal) Sb,Tes lattice constructed
using the microstructural parameters obtained by Rietveld refinement of XRD pattern
of the sample prepared by 10 h ball milling and annealing.
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Fig. 10. FTIR transmission spectra of the 10 h milled Sb,Te; sample, before (blue) and
after (red) thermal annealing in Ar atmosphere. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

For determining the bandgap energy of the fabricated Sb,Tes
nanostructures and the effect of thermal annealing on it, we have
analyzed the nanostructures fabricated by 10 h ball milling. For
that, the optical absorption coefficients (a) of the as-grown and
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annealed samples were determined at each wavelength/wave-
number from the measured transmission data using the relation
[54,55,58]:

(2)

=

a:%ln

where t and T are the thickness of the pellet sample and trans-
mittance, respectively. The optical band gaps (Eg) of the unannealed
and annealed samples are obtained using the Tauc relation
[54,55,58]:

ahv=A(hv — Eg)" (3)

where A is a constant and the exponent n can have different values
(1/2, 2, 3/2, 3) depending upon the type of transitions (allowed
direct, allowed indirect, forbidden direct, forbidden indirect tran-
sition), respectively. The value of n = 1/2 was considered for Sh,Tes
as the optical transition is a direct allowed transition. The bandgap
was calculated from the Tauc plot by extrapolating the straight-line
portion of the curve to the horizontal axis with ahy = 0.

Fig. 11 shows the Tauc plots of 10 h milled Sb,Te; nanoparticles
before and after thermal annealing in Ar atmosphere. The bandgap
values estimated from the Tauc plots of the samples were 0.32 and
0.15 eV, respectively (Fig. 11 (a) and (b)). The bandgap energy
estimated for the as-grown (unannealed) Sb,Te; nanostructures is
quite comparable to the bandgap energy of the narrow bandgap
semiconductor reported in the literature (~0.3 eV) [21,59]. How-
ever, the bandgap energy decreased considerably after the thermal
treatment of the nanostructures, probably due to highly increased
grain growth. The bandgap energy estimated for our thermally
annealed sample (0.15 eV) is close to the energy gap value of hot-
pressed Sb,Tes (~0.16 eV) reported by Hu et al. [60].

4.3. Thermo-electric characterizations of the Sbh,Tez sample

4.3.1. Electrical resistivity

The temperature dependence of electrical resistivity of the
annealed samples (3, 5, and 10 h milled) measured in 30—400 K
temperature range is shown in Fig.12(a). As can be seen, the elec-
trical resistivity of all the annealed samples is increased quasi-
linearly with the increase of temperature, manifesting their
metallic or degenerate semiconducting behaviors. It is clear from
the figure that the grain size plays a vital role in electrical property.
With reducing grain size, the value of resistivity increases due to a
rise in the grain boundary scattering of the charge carriers. As a
result of this, electrical conductivity reduces as milling time in-
creases from 3 h to 10 h.

The effect of annealing on the resistivity of the 10 h milled
sample, before and after annealing, is presented in Fig. 12(b). As can
be noticed, the electrical resistivity of the as-prepared (unan-
nealed) nanostructures is decreased with the increase of temper-
ature, as expected for a semiconducting material. However, after
thermal annealing, the nanostructures reveal the characteristics of
the metal or degenerate semiconductor, i.e. the resistivity
increased with the increase of temperature. As the elemental
composition of the nanostructures did not change much due to
thermal annealing at 300 °C (insets of Fig. 8), the metallic or
degenerate semiconducting behavior of the annealed sample can
be associated to its reduced bandgap energy (Fig. 11), which we
associated to the grain growth due to thermal annealing (confirmed
in microstructural analysis). The thermal annealing performed on
the compressed (pelleted) nanostructures not only induces a grain
growth but also enhances their compactness (see the FESEM im-
agesin Fig. 7(d)&(e)). As the porosity plays a vital role in the electric
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Fig. 11. Tauc plots of 10 h milled Sb,Te; nanoparticles (a) before and (b) after thermal annealing.
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Fig. 12. (a) Temperature variation of electrical resistivity for the annealed Sb,Te; nanoparticles prepared using different milling times, and (b) temperature variation of resistivity of

the as-grown and annealed Sb,Tes; nanoparticles prepared by 10 h ball milling.

transport properties [61], the resistivity of the annealed sample is
considerably less (about two orders) than the unannealed sample.
The room temperature (300 K) electrical conductivity of the
annealed sample was ~3.2 x 10° mho/m, which is significantly
higher than the previously reported room-temperature electrical
conductivity values of Sb,Tes nanostructures [16,19,26,39,62].
However, the conductivity of our 10 h milled annealed nano-
particles is comparable with the reported room-temperature
electrical conductivity value of Sb,Tes thin films prepared by
metal-organic chemical vapor deposition [18].

4.3.2. Seebeck coefficient and power factor

Fig. 13(a) shows the variation of the Seebeck coefficient with
temperature for the annealed Sb,Tes nanoparticles prepared by ball
milling for different durations, i.e., of different sizes. The positive
values of the Seebeck coefficient of the samples indicate their p-
type conductivity [63]. The Seebeck coefficient in all the samples
increases with temperature. It is evident that initially, at the low-
temperature zone, the Seebeck coefficient increases as milling
time increases. The result can be explained as follows. For a metallic
sample or a degenerate semiconductor (energy independent scat-
tering approximation), the expression of the Seebeck coefficient
can be expressed as [1]:

8T2K3 .
3eh?

() @

where m* is the effective mass of the carriers, n is the carrier
concentration, Kg is the Boltzmann constant, and h is the Planck
constant. The equation (4) indicates that the Seebeck coefficient is
inversely proportional to the carrier concentration. With the in-
crease of milling time, the increase of electrical resistivity
(Fig. 12(a)) assures the reduction of carrier concentration. Hence an
increase in the Seebeck coefficient occurs. However, with the
increasing temperature, Seebeck coefficient values of 3 h and 5 h
milled samples coincide, whereas that of 10 h milled sample
gradually increases with a comparatively higher value than 3 h or
5 h milled samples. Fig. 13(b) shows the temperature dependence
of the Seebeck coefficient for the 10 h milled sample before and
after annealing. We can see that for a fixed temperature value, the
Seebeck coefficient decreases after annealing. The drastic
enhancement of electrical conductivity of the samples after ther-
mal annealing (Fig. 12(b)) indicates a considerable increase of car-
rier concentration in them. As a result, the Seebeck coefficient of
the sample at a specific measurement temperature decreases after
thermal annealing. It is also seen that for both as-grown and
annealed samples, the Seebeck coefficient increases with
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Fig. 13. (a) Temperature dependence of Seebeck coefficient for the annealed Sb,Tes nanoparticles prepared at different milling times, and (b) temperature variation of Seebeck
coefficient for the as-grown and annealed Sb,Tes; nanoparticles prepared by 10 h ball milling.

temperature, which can be related to the proportionality relation
between the Seebeck coefficient and temperature (eq. (4)). Room
temperature Seebeck coefficient value estimated for the 10 h milled
annealed Sb,Te; sample is comparable to the room temperature
Seebeck coefficient values of chemical vapor deposited SbyTes thin
film [18] reported earlier.

From the experimentally obtained values of Seebeck coefficient
(S) and electrical resistivity (p), the power factor (S?/p) for the
thermally annealed samples were calculated and plotted against
temperature in Fig. 14(a). As can be seen in Fig. 14(a), the power
factor increases with temperature for the whole range of mea-
surement (40-380 K), mainly due to the positive slopes of the
Seebeck coefficient vs. temperature curves. While the 10 h milled
sample has the highest power factor, the power factor of the 5 h
milled sample is lower than that of the 3 h milled sample below
120 K (Fig. 14(a)) due to its higher resistivity compared to the 3 h
milled sample. Fig. 14(a) also shows a saturated behavior of power
factor for all the annealed materials at a higher temperature
(~200 K), and the highest value of power factor obtained for 10 h
milled annealed material is ~37x10~* WK2m~L The effect of
thermal annealing on the power factor of the Sb,Tes nanostructures
has been depicted in Fig. 14(b), taking the 10 h milled sample as a
reference. As can be seen, the power factor of the sample increased
from ~10~° to ~10~* unit after thermal annealing, which is basically
due to the reduction of electrical resistivity of the sample after

annealing. The power factor value at room temperature for the 10 h
milled annealed sample is ~36.361x10~% WK~?m™, which is quite
comparable to the power factor values of SbyTe; nanostructures,
reported by Zakeri et al. [26], Morikawa et al. [33], and Fang et al.
[39].

4.3.3. Thermal conductivity

Fig. 15 presents the temperature dependence of the thermal
conductivity of the thermally annealed samples. The thermal con-
ductivity of all the samples increased with temperature. Total
thermal conductivity (K) of a crystalline semiconductor consists of
(i) electronic thermal conductivity (Ke) and (ii) lattice thermal
conductivity (K;). The electronic thermal conductivity, Ke, which is
the contribution of charge carriers, can be determined from the
Wiedemann—Franz law: K. = oLT, where o is the electrical con-
ductivity, T is the absolute temperature, and L is the Lorenz number
with a value of 2.45 x 10~8 W Q/K?. Due to the higher kinetic en-
ergy of the charge carriers, electronic contribution in the total
thermal conductivity is substantial at higher temperatures.

On the other hand, the lattice thermal conductivity is the
contribution of phonons. At higher temperatures, two cases may
occur: i) as temperature increases, the lattice vibration in the
sample increases. Hence, the thermal resistance of the samples
increases with a reduction of thermal conductivity; ii) with the
increase of temperature, the grain sizes of the samples might also
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increase if the grain growth has not been completed during
annealing. As a result, fewer phonons are scattered at the grain
boundary, which increases thermal conductivity. In the present
work, the lattice thermal conductivity is dominated by the second
factor, and the electronic thermal conductivity increases with
temperature. As a result, the total thermal conductivity increases
with temperature. As can be noticed in Fig. 15, for a specific tem-
perature, the total thermal conductivity is lowest for the 10 h milled
sample; i.e., the sample with the smallest particle size. At the same
time, both the 3 h and 5 h milled samples reveal thermal conduc-
tivity higher than the 10 h milled sample. The thermal conductivity
of the 3 h milled sample is lower than that of the 5 h milled sample,
although the former sample has a larger particle size than the latter.
Such an anomaly in the thermal conductivity of the Sb;Tes nano-
structures could be explained considering the contribution of lat-
tice thermal conductivity, as discussed later.

Let us now discuss the particle size and temperature depen-
dence of electronic thermal conductivity (Ke) and lattice thermal
conductivity (K) separately. The lattice thermal conductivity value
of the10 h milled sample becomes negative in some temperature
range if we calculate the electronic thermal conductivity from
Wiedemann—Franz law (Ke = oLT) using a constant value of Lorenz
number, L = 2.45 x 10~8 W Q/K? (degenerate limit). This result is
not practical and appeared because of the incompleteness in the
value of the Lorenz number. Actually, Lorenz number is not a
constant but depends on the scattering mechanism, carrier con-
centration, and Fermi energy [64]. Since Sb,Tes is a narrow and
direct bandgap semiconductor, it can be described by the non-
parabolic band model [65]. The most appropriate model in this
context is the Kane model [66]. For narrow bandgap semi-
conductors, due to powerful interaction between the valence band
and conduction bands, the parabolic nature of the band is distorted.
Hence, L value deviates from the equation as proposed by Kim et al.
considering a single parabolic band (SPB) model with an acoustic
phonon scattering (APS) [67]. For single Kane band (non-parabolic)
assuming APS, the Lorenz number (L) and Seebeck coefficient (S)
are not only functions of the reduced Fermi energy (n) (as for the
case of SPB with APS), but also functions of the non-parabolicity
parameter (o = KgT/Eg Eg the band gap) [67]. From the Boltz-
mann equation and non-parabolic Kane band model for the energy

1
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dispersion, the total thermal conductivity K can be obtained as,

K = K+Keyy (5)

K= K + Kep— ToS? (6)
where K; is the lattice contribution, Ky is the electronic contribu-
tion at constant current and Kejg is the electronic contribution at
constant electric field [65,68]. For metals (with small S) or semi-
conductors with small carrier concentration (hence small c), the
quantity ToS? is almost negligible, indicating Kelj = Keig. However,
in good thermoelectric material, T6S? has a significant value, and
both above the thermal conductivities differ from each other.

Now according to Wiedemann-Franz law, Ke g = LooT, with
Ly = 245 x 10°® WQ/K?, the effective Lorentz number can be
defined as, Leffective = Keij/oT [69]. Temperature variations of
effective Lorenz number for all the annealed Sb,Tes; samples in the
present work are shown in Fig. 16. From the figure, it is clear that
the effective value of L is smaller than that of the constant value at
the degenerate limit (indicated by the blue dashed line in Fig. 16).
The effective Lorentz number decreases as temperature increases
and particle size decreases. Using the L value (as obtained from the
curve in Fig. 16), the electronic thermal conductivity and the lattice
thermal conductivity are calculated for the annealed samples pre-
pared by different durations of ball milling and plotted against
temperature in Fig. 17.

As can be noticed in Fig. 17(a), for a specific temperature, the
electronic thermal conductivity decreases with particle size
reduction because of the decrease in both the electrical con-
ductivity(c) and the effective Lorentz number with reducing par-
ticle size. From Fig. 17(b), it is seen that lattice thermal conductivity
shows similar nature as the total thermal conductivity. As tem-
perature increases, the lattice thermal conductivity of all samples
increases because of the occurred grain growth dominating over
the thermal vibrations, as discussed before in the case of total
thermal conductivity. Alternatively, if the activation of minority
carriers with temperature is ignored, then the relation of lattice
thermal conductivity and 1/T should be linear [70], indicating K|
should have decreased with increasing temperature. However, the
opposite characteristic is noticed, which is attributed to the sub-
scription of minority carrier (bipolar effect) to K value [71—76]. The
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value of Kj is the smallest for the 10 h milled sample because of its
smallest grain size. Because of comparatively larger grain size, the
3 h milled and 5 h milled samples show relatively larger K. The
grain size and lattice strain have essential roles in controlling the
lattice thermal conductivity of nanostructures [77,78]. The thermal
conductivity of a spherical nano solid can be described as [77],

2d\?
o)
where K and K}, are respectively the thermal conductivities of the
spherical nano solids and the bulk materials, D and d respectively
represent the diameter of the spherical nano solids and the diam-
eter of the atoms of the nano solids. Hence, it is evident from Eq. (7)
that there is a direct relationship between thermal conductivity and
particle size of the nanocrystallites, mainly because of the phonon
— grain boundary scattering effect. Here actually, the size reduction
is associated with the enhanced phonon-boundary scattering. With
reducing grain size, more numbers of phonons may scatter at the
grain boundaries. As a result of this, lattice thermal conductivity
tends to decrease. However, lattice strain has an inverse impact on
thermal conductivity [78]. As the lattice strain increases by incor-
porating more defect densities in the samples, the
phonon—impurity scattering increases, and hence thermal con-
ductivity reduces. The Rietveld analysis reveals that the lattice
strain increases with milling time. These two reasons clearly
explain the thermal conductivity results of 5 h and 10 h milled
Sb,Te; samples. However, the 3 h milled sample shows unexpected
results of K; and total thermal conductivity K. Although the 3 h
milled sample has the largest grain size, it does not have the largest
K and the most significant K values. Whereas the 5 h milled sample
with relatively smaller grain size and more substantial lattice strain
has the most considerable K| value. It is because the phonon scat-
tering from a solid is not only composed of phonon-grain boundary
scattering and phonon-impurity scattering, but phonons may also
scatter by the charge carriers [79]. If the carrier concentration is
very high, then phonon-charge carriers scattering dominates over
other mechanisms, and lattice thermal conductivity of the material
is suppressed more [79]. In the case of 3 h milled sample, owing to
higher carrier concentrations, more phonons are scattered due to
predominating phonon-carrier scattering and hence reducing K;
values below the values of the 5 h milled sample. Thus, the
discrepancy in the results of lattice thermal conductivity and total
thermal conductivity of the 3 h milled sample is resolved.

Kp = 1<b<1 - (7)
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The temperature dependencies of the total thermal conductivity
(K) for the 10 h milled sample before and after its thermal
annealing are shown in Fig. 18. For both the unannealed and
annealed samples, K increased with temperature. However, the
thermal conductivity of the annealed sample remained higher than
that of the unannealed sample, for the whole temperature range of
measurement. Due to higher electrical conductivity, and hence a
higher concentration of charge carriers, the contribution of elec-
tronic thermal conductivity of the annealed sample is higher than
that in the unannealed sample. On the other hand, due to the bigger
grain size in the annealed sample, grain boundary phonon scat-
tering is low, which causes a higher lattice conductivity for the
sample in comparison to the unannealed sample. Moreover,
reduced lattice strain (Table 1) of the thermally annealed sample
also contributes to its higher thermal conductivity [78]. The total
thermal conductivity value for the 10 h milled sample annealed at
573 K (Fig. 18) is very close to the values reported by Park et al. [13]
for their Sb,Tes thin films after annealing at 573 K.

4.3.4. Figure of merit

The thermoelectric figure of merits of the Sb,Tes nanostructures
fabricated at different milling times and annealed at 573 K is
measured in the 30-400 K temperature range and are presented in
Fig. 19(a). As can be noticed, while the figure of merits of all three
samples are very similar at low temperature (e.g., 26 K), the higher
temperature figure of merit values of 10 h milled sample is sub-
stantially higher than that of the samples prepared by 3 hand 5 h of
ball milling. For the 10 h milled annealed sample, the highest
Seebeck coefficient value, and the lowest thermal conductivity
tends to increase the value of ZT. Although its highest electrical
resistivity value counteracts the increase of ZT, the contributions of
S and K dominates. While comparing the values with 5 h and 3 h
milled samples, it is noticed that the impact of thermal conductivity
on the more considerable value of ZT is much more dominating. So
the drastic increase in ZT value for 10 h milled sample (annealed) is
mainly due to its lowest thermal conductivity value. Since the
thermal conductivity of 5 h milled sample is the largest, its ZT value
is lowest. Here the room temperature (300 K) ZT value is obtained
as 0.468, and the maximum value of ZT within the measurable
temperature range (~30 K—400 K) is 0.543 at 365 K for thermally
treated 10 h milled sample.

Fig. 19(b) shows the ZT vs temperature curves of the 10 h milled
sample before and after its thermal annealing. It should be noticed
that the ZT value of the sample is increased by an order after
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thermal annealing, probably due to the substantial increase in
electrical conductivity. The room temperature ZT value increased
from 0.039 to 0.468 due to heat treatment. The obtained room
temperature ZT value for annealed Sb,Te3 nanostructures is slightly
lower than the ZT value of SbyTe; nanoparticles, as obtained by
Heimann et al. [24] fabricated by a relatively complicated synthesis
process (microwave-assisted decomposition of the single-source
precursor). It is comparable to the ZT values of Sb,Te; nano-
material reported by Goncalves et al. (ZT ~ 0.26) [62], Zou et al.
(ZT ~ 0.56) [19], and Giani et al. (ZT ~ 0.69) [18], fabricated by co-
evaporation, thermal co-evaporation, metal-organic chemical va-
por deposition process, respectively (in all the cases, the thermal
conductivity was assumed as 1.5 Wm~!K~! for calculating ZT).
Again, the present ZT value is in good agreement with the results
obtained by Zybala et al. [16], both at room temperature and 370 K;
even their synthesis procedure was different and more complex. On
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the other hand, the ZT value of our thermally annealed Sb,Tes
nanostructures obtained by 10 h ball milling is superior to the ZT
values reported by Wanarattikanet al. [34], for their SbyTes thin
films. The ZT value of ~0.5 with the present sample is superior
compared to that obtained (~0.1—0.2) for thin films measured at
365 K. In the present work, the maximum obtained ZT value of 10 h
milled thermally annealed SbyTes is 0.543 at 370 K. Thus, this work
demonstrates a comparable and even better thermoelectric per-
formance of Sb,Tes nanostructures than the previous reports, along
with a more simple, time-efficient synthesis method using the least
number of ingredients.

5. Conclusions

We demonstrate the fabrication of Sb,Tes nanoparticles of
different sizes utilizing a fast and straightforward mechanical alloying
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process. The reaction between Sb and Te powders initiates within 1 h
of milling, and single-phase rhombohedral (with hexagonal setting)
SbyTes is fully formed within 3 h of ball milling. Prolonged milling
produces Sb,Tes; nanoparticles of smaller grain sizes, with the intro-
duction of higher lattice strain due to severe plastic deformation of the
rhombohedral lattice. Thermal annealing in an inert atmosphere in-
duces a reduction of lattice strain and grain growth in the nano-
structures and a drastic enhancement of their electrical
conductivity—a transformation from typical semiconductor to
metallic or degenerate semiconducting behavior was happened due
to annealing. Obtained positive values of the Seebeck coefficient,
indicating the p-type nature of the sample increases with milling time
and also decreases on the course of annealing. It is associated with
reducing particle size during milling and growth of grains via thermal
treatment, respectively. There is a substantial ~ ten times increase of
the power factor (from ~10~> unit to ~10~% unit) after annealing. In
thermal conductivity calculation, the non-parabolic single Kane band
model is used, where the Lorenz number is not a constant but a
function of temperature to obtain more practical results. The much
more dominant effect of thermal conductivity than electrical con-
ductivity and Seebeck coefficient on the thermoelectric figure of merit
causes a drastic increase in ZT of 10 h milled annealed sample
compared to 3 h and 5 h milled samples. The lowest ZT value of 5 h
milled, annealed sample is due to its highest thermal conductivity
associated with the predominating phonon-charge carrier scattering
effect. The increasing nature of the figure of merit curves with tem-
perature indicates better performances at higher temperatures.
Thermal annealing causes ~10 times increase in ZT of 10 h milled
Sb,Tes (from 0.039 to 0.468 at room temperature and from 0.061 to
0.543 at 370 K), primarily due to the predominating effect of enor-
mous electrical conductivity () over S and K.
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