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Improved thermoelectric performance of nanostructured Bi2Te3 fabricated 
by solvent-free mechanical alloying 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Nanostructured Bi2Te3 has been syn
thesized by facile mechanical alloying 
method. 

• Microstructures of the samples are 
characterized by XRD and FESEM. 

• The semiconducting nature of the sam
ple changes to metallic after annealing. 

• Grain growth and associated band gap 
reduction is noticed after annealing at 
573K. 

• About three times increase in thermo
electric figure of merit owing to 
annealing.  
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A B S T R A C T   

Thermoelectric materials convert waste heat energy efficiently to electricity in an eco-friendly manner. Bi2Te3 is 
a known thermoelectric material, which can convert waste heat and solar energy into electricity in the 200–400 
K temperature range. Bi2Te3 nanocrystals are prepared in powder form by solvent-free mechanical alloying of 
elemental Bi and Te powder mixtures under an inert Ar atmosphere. The crystallite size and composition of the 
Bi2Te3 nanocrystals are analyzed using X-ray diffraction, field-emission scanning electron microscope and 
energy-dispersive X-ray spectroscopy. Thermal and electrical behaviours and the effect of thermal annealing are 
studied on the 10 h ball-milled sample in a physical properties measurement system in the 30–375 K temperature 
range. It is observed that the high-temperature thermal annealing induces significant grain growth, reduces 
lattice strain, along with a reduction of bandgap energy of the mechanically alloyed Bi2Te3 nanostructures. 
Thermoelectric properties and the figure of merit of the nanostructures have improved significantly upon 
thermal annealing. Enhanced thermoelectric performance of the annealed nanostructures has been explained 
considering the change in their thermal conductivity, electrical resistivity, and crystallite size induced by thermal 
treatment.   
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1. Introduction 

About 60% of the energy produced worldwide is wasted in the form 
of heat. Therefore, the quest for high performance thermoelectric (TE) 
materials, which convert the waste heat to electrical energy in an 
environmental-friendly manner, has received enormous attention 
recently [1,2]. The Seebeck effect primarily governs the conversion of 
heat energy (waste heat or solar radiation) to electricity by a TE material 
[3]. A dimensionless parameter used to measure the performance of a TE 
material is the figure of merit (ZT), defined as ZT=(α2σT)/K, where α is 
the Seebeck coefficient, σ is the electrical conductivity, and K is the 
thermal conductivity (K = Ke + Kl) of the material and T is the tem
perature in Kelvin. To achieve a high ZT, both the Seebeck coefficient (α) 
and electrical conductivity (σ) of the material should be high, and its 
thermal conductivity (K) should be low [4,5]. However, due to the 
complex interplay between these parameters, obtaining a TE material 
with a high figure of merit is often tricky. Over the past few decades, 
considerable progress has been made in the thermoelectric field to 
enhance the power factor of the accessible TE materials such as Bi2Te3, 
Sb2Te3, PbTe [6–8], which operate at relatively low temperatures 
(<900 K). Bi2Te3 is an attractive TE material among the low bandgap 
semiconductors with the capability to convert solar energy [9–11] and 
waste heat [12,13] to electricity. Moreover, TE devices fabricated with 
Bi2Te3 material may convert heat energy even near room temperature 
(<400K) [14]. 

Several approaches were adapted to improve the ZT value of TE 
materials, primarily focusing on reducing the thermal conductivity (Kl) 
of their crystalline lattice, which is the major factor in reducing the ZT 
values of bulk semiconductors. One successful approach is the intersti
tial incorporation of smaller and heavier metal atoms such as actinide, 
lanthanide, alkaline-earth, alkali, and group IV elements, which act as 
active phonon scattering centres to reduce the Kl of the host lattice [15, 
16]. On the other hand, low-dimensional thermoelectric materials 
manifest higher thermoelectric performance than their bulk counter
parts due to the higher density of electronic states near the Fermi level, 
induced by quantum confinement and higher phonon scattering [17]. 
The Bi2Te3 nanostructures and thin films fabricated using chemical and 
physical methods [18–21] revealed enhanced thermoelectric perfor
mance compared to the performance of bulk Bi2Te3. Mechanical alloy
ing (MA) is a straightforward, fast, and cost-effective process among the 
physical methods utilized for fabricating TE nanostructures. It is one of 
the physical methods of nanomaterial synthesis [22]. The precursor 
powder materials are ball-milled for mechanical alloying (through 
fracture and re-welding mechanisms) under a controlled atmosphere to 
obtain the desired nanostructured material-specific crystal structure and 
microstructure [23]. It is also used for mixing powder ingredients, 
synthesizing nanocomposites and amorphous materials. Before ball 
milling, milling media (balls and vial) are selected according to the 
nature of precursor powders. For this purpose, different kinds of milling 
media such as Al2O3, chrome steel, ZrO2, WC etc., balls of different di
ameters (1–20 mm) and vials of different volumes (50–500 mL) are 
available commercially [24]. Frequently, chrome steel milling media is 
used for metallic samples. Hard materials, such as ceramics are milled in 
other kinds of harder media. The ball mill instrument with available 
milling media needs to be optimized to obtain a desired nanocrystalline 
phase in a minimal milling duration. The optimized parameters are the 
number of balls, their diameter, the ball-to-powder mass ratio (BPMR), 
vial volume, speed (rpm) of the rotating disk, and the pause time be
tween the milling and subsequent cooling steps [25]. These parameters 
can be optimized through several trial runs and kept fixed during the 
entire experiment. At first, the constituent precursor powders are mixed 
stoichiometrically according to the BPMR and loaded into the vial with 
an optimized number of balls of the same diameter. The vial containing 
balls and powder mixture is then sealed with its lid under a controlled 
atmosphere and placed on the rotating disk of the ball mill. The powder 
mixture within the vial is then milled with an optimized rpm of the 

rotating disk of a high energy planetary ball mill. The milling is paused 
after an optimized duration, followed by subsequent cooling of milling 
media to room temperature before further milling. This milling process 
continues until the required nanocrystalline phase with desired micro
structure is obtained. In general, it is a one-step “top-down” approach to 
prepare nanomaterials at room temperature with minimum numbers of 
ingredients in a short time. The main advantages of this synthesis pro
cess are: (i) one can have easy control over the structure and micro
structure of the material, (ii) MA can synthesize almost any kind of 
nanomaterial within a short duration, (iii) nanometals, nanoalloys, 
nanoceramics, nanocomposites, and metal-ceramic-polymer nano
composite blends can be easily synthesized, (iv) use of stoichiometric 
precursor powders reduces the possibility of formation of new phases, 
(v) materials with low and high melting temperatures can be easily 
milled together to form nanostructures or nanocomposites, (vi) no 
melting is needed to form an alloy or intermetallic compound, nano
structured phase can be obtained directly by this one-pot method, and so 
on. However, it has some limitations too: (i) there is every possibility 
that the milled powder gets contaminated from the milling media if the 
milling is done for a longer duration without any intermittent pause of 
milling, (ii) without proper optimization of all the milling parameters, 
we may not obtain the desired nanostructures, (iii) nanoparticles with 
desired morphology may not be obtained, (iv) obtained nanoparticles 
contain significant lattice strain, and (v) nanoparticles may agglom
erate. MA was applied for size-controlled fabrication of n-type Bi2(Se, 
Te)3 [26] and p-type (Bi,Sb)2Te3 [27,28] nanoparticles. Nanostructures 
fabricated by this method had shown improved ZT values [29–33]. The 
ZT value of these TE nanostructures increases with the reduction of their 
particle size [34,35]. Hence the main purpose of this work is to syn
thesize thermoelectric Bi2Te3 nanostructures with an improved figure of 
merit in a more facile, time-effective and cost-effective manner and 
study the effect of thermal treatment on their microstructure and ther
moelectric properties. 

We have fabricated Bi2Te3 nanoparticles by mechanical alloying of 
elemental Bi and Te powders under the Ar atmosphere to study their 
thermoelectric properties. XRD and FESEM characterizations reveal the 
microstructure and the effect of thermal annealing on the structure, 
composition, and particle size of the synthesized nanostructures. The 
optical bandgap of the samples is measured utilizing Fourier- 
transformed infrared (FTIR) spectroscopy. Finally, the thermoelectric 
behaviours of the Bi2Te3 nanostructures and the effect of thermal 
annealing have been studied in 30–373K temperature range utilizing a 
physical property measurement system (PPMS). Here, a transition from 
semiconducting to metallic nature is observed owing to sintering the 
Bi2Te3 sample, which is reported for the first time and a moderately high 
value of ZT is obtained for cold-pressed mechanically alloyed Bi2Te3 
sample, which is larger than the previously reported values of this 
sample under identical conditions (synthesized by MA and cold- 
pressed). 

2. Experimental 

2.1. Synthesis of Bi2Te3 nanoparticles 

The Bi2Te3 nanoparticles were synthesized by ball milling of a stoi
chiometric (2:3 M ratio) mixture of analytical grade Bi and Te metal 
powders at room temperature, using a high-energy planetary ball mill 
(Model-P6, M/s FRITSCH, GmbH, Germany). The Bi (Loba Chemie; 
purity >99.5%) and Te (Sigma Aldrich, purity >99.5%) metal powder 
precursors were weighed accurately inside a glove box under Ar atmo
sphere and placed in a chrome steel vial (80 mL volume) filled with 30 
chrome steel balls of 10 mm diameter, and sealed with its lid. The BPMR 
was optimized to 40:1. The sealed vial was then locked in the vial holder 
mounted on the rotating disk of the ball mill and rotated at 300 rpm. 
Several samples were prepared by milling the mixed precursors for 
different durations (15 min–10 h). The milling was paused after every 
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15 min to allow the hot vial to cool down (to room temperature) and 
avoid contamination from the milling media. Due to high energy im
pacts between the balls and the vial wall, a significant amount of heat is 
produced during milling, which can cause a surface softening effect of 
colliding balls and vial wall. As a result, loosely bound surface atoms of 
the balls and the vial can be detached from their surface during a pro
longed milling process. However, introducing intermittent cooling steps 
in-between millings allows cooling the vial and the balls, reviving the 
strong bonding of their surface atoms, and avoiding sample contami
nation. After cooling the system to room temperature, milling was 
continued with the milled powder for longer durations. The total 
rotating time (excluding pauses) of the ball mill was considered in 
calculating the total milling time of the samples. After milling, the 
milled powder samples in the vial were collected inside the glove box 
(under Ar atmosphere) and stored in a vacuum desiccator. The 10 h ball- 
milled powder sample was pelletized using a stainless steel die-punch 
assembly (11 mm diameter) under 5.0 ton hydraulic pressure for 15 
min. The thickness of the as-prepared pellets (before sintering) was 
about 1.5 mm. The pellet was annealed at 573K (at 2

◦

C/min heating 
rate) for 6 h inside a Carbolite tubular furnace under flowing Ar (200 
ccm). Structural, microstructural, optical, and thermoelectric charac
terizations of the sintered and unsintered pellets were carried out to 
study the effect of thermal treatment. 

2.2. Material characterization 

X-ray diffraction (XRD) patterns of the un-milled, ball-milled, and 
the annealed (at 573K for 6 h under Ar flow) 10 h milled samples were 
recorded with Ni-filtered CuKα radiation (λ = 1.5418 Å) from an auto
mated X-ray powder diffractometer (XRD, Bruker D8 Advance DaVinci) 
operated at 40 kV and 40 mA, in the 20◦_80◦ 2θ range, with 0.02◦/step 
and 30s/step counting time. Morphology, elemental compositions, and 
elemental mapping of each sample were revealed by analyzing FESEM 
images (Curl Zeiss, Sigma 300) and associated EDX (energy-dispersive X- 
ray) spectra. For estimating bandgap energy of the nanostructures, FTIR 
spectra of the annealed and unannealed samples were recorded in a 
Perkin-Elmer FRONTIER spectrometer in the 400-4000 cm− 1 spectral 

range. The powder samples were pelletized with dry KBr mixing in a 
2:98 weight ratio for recording the FTIR spectra. 

A Dynacool-9 physical properties measurement system (PPMS) of 
Quantum Design with thermal and electrical transport measurement 
options (TTO & ETO) was utilized to study the thermal and electrical 
properties of the pelletized samples in 30–370K temperature range. The 
sample temperature during these measurements was varied (increased 
or decreased) at 0.35 K/min. For thermoelectric measurements, both the 
as-prepared and heat-treated (annealed) pellet samples were first cut 
into rectangular pieces of about 8.5 mm × 4.9 mm sizes, polished over 
Buehler polishing sheet (using 10 μm alumina paste), washed with 
deionized (DI) water and dried in the air before mounting them in the 
TTO measuring paws of the PPMS. Then the samples were mounted on 
the TTO paws of PPMS using colloidal silver paint and Cu wires (0.2 mm 
diameter) to ensure suitable thermal and electrical contacts. 

3. Results and discussion 

3.1. Microstructure evaluation of Bi2Te3 nanoparticles 

Fig. 1 represents the XRD patterns of the Bi2Te3 sample prepared at 
different milling times (15 min–10 h). For comparison, the XRD pattern 
of the un-milled sample (physical mixture of metal powders) is also 
presented in the figure, which contains only the reflections of elemental 
Bi (ICSD # 2446663) and Te (ICSD # 161690) metal powders. A sig
nificant change in the XRD pattern of the powder mixture is noticed only 
after 15 min of milling. While most of the reflections are broadened and 
overlapped, peak positions of the major reflections matched quite well 
with the Bi2Te3 (ICSD # 158366) phase, indicating the formation of the 
compound within a short duration of milling time. Two additional re
flections appeared around the most intense (015) reflection of the Bi2Te3 
phase correspond to BiTe(I) and BiTe(II) (ICSD # 9000678) phases [36]. 
Apart from these two reflections, no reflection corresponded to the 
precursor elements or any other phase. 

After 30 min of milling, the content of secondary BiTe phases in the 
sample has reduced significantly, and the intensities of all Bi2Te3 re
flections increase extensively. The XRD pattern of the 1 h milled sample 
contains only the reflections of the Bi2Te3 phase. With the increase of 

Fig. 1. X-ray powder diffraction patterns of unmilled and ball-milled Bi–Te 
powder mixture before annealing. Positions of the standard XRD peaks of 
metallic Bi and Te are shown as small solid bar markers at the bottom. Crystal 
planes of the Bi2Te3 phase are indexed in the XRD pattern of 10h ball- 
milled powder. 

Fig. 2. The Rietveld analysis of the XRD patterns of unmilled, 10h milled 
sample before and after thermal annealing. Solid red dots represent the 
experimental data points (Io), continuous black lines represent the simulated 
patterns (Ic), and the continuous blue lines under respective diffraction patterns 
correspond to the difference between the experimental data (Io) and simulated 
pattern (Ic). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 

S. Paul et al.                                                                                                                                                                                                                                     



Materials Chemistry and Physics 279 (2022) 125736

4

milling time further (up to 10 h), intensities of all reflections increased 
gradually, without any trace of phase transition. However, with the 
increase of milling time, peak broadening increased gradually, indi
cating a reduction of crystallite size and subsequent increase in r.m.s. 
lattice strain in the Bi2Te3 nanostructures due to prolonged milling. 

The Rietveld refinement outputs of the XRD patterns of the unmilled 
powder mixture and the 10 h ball milled Bi2Te3 powder before and after 
thermal annealing are shown in Fig. 2. The MAUD [37] software, based 
on simultaneous structure and microstructure refinements, was utilized 
for Rietveld refinement. Refinements reveal that all reflections in the 
XRD patterns of 10 h milled and annealed sample correspond to the 
Bi2Te3 phase (ICSD #158366). 

While the XRD pattern of the un-milled sample is fitted jointly with 
Bi (ICSD # 2446663) and Te (ICSD # 161690) phases, XRD patterns of 
the un-annealed [36] and thermally annealed samples prepared by 10 h 
ball milling have been fitted with the Bi2Te3 (ICSD #158366) phase. In 
all three cases, the experimental XRD patterns fitted well with the 
simulated patterns with GoF (goodness of fit) values close to 1.0. As 
shown in Fig. 2, after thermal treatment, all the reflections of the Bi2Te3 
phase became considerably sharp, indicating a significant grain growth 

in the sample and a substantial reduction of r.m.s. lattice strain induced 
due to mechanical alloying. Some reflections appeared with weak in
tensities in the 10 h milled un-annealed sample due to peak broadening 
resulting from small crystallite size and high r.m.s. lattice strain, 
resolved clearly after thermal annealing (in Ar). 

The crystallite sizes (D) and lattice strains (ϵ) of all as-prepared and 
thermally annealed 10 h milled samples were calculated from the ‘true’ 
peak broadening (βt) considering all reflections according to the 
following eqns. [38,39] adopted in the Maud software [37]:  

D = 0.9λ/ βt cosθ                                                                            (1)  

ϵ = βt /4tanθ                                                                                   (2)  

βt = (β2
obs- β2

ins)1/2                                                                          (3) 

where λ = 1.5418 Å (Ni-filtered CuKα radiation), βobs and βins are the full 
width at half maximum (FWHM) of diffraction peaks of experimental 
XRD patterns, and the instrumental broadening (FWHM) estimated from 
the Si standard (SRM 640, NIST), and θ is the Bragg angle in radians. 

The structural and microstructural parameters obtained from Riet
veld refinement of the XRD patterns of 10 h milled un-annealed and 
annealed samples are presented in Table 1. It can be noticed that after 
thermal annealing, the lattice parameters of the sample remain un
changed, while the average particle size increased substantially. More
over, on thermal annealing, the anisotropic distribution of particle size 
[36] in the sample becomes isotropic (Fig. 3), indicating the right size 
homogeneity of the particles on prolonged thermal treatment. 

Fig. 3 presents some typical FESEM images of the 10 h milled Bi2Te3 
powder (Fig. 3(a)) and its thermally annealed compressed pellet (Fig. 3 
(c)), along with respective particle size distributions (Fig. 3(b) & (d)). As 
shown in Fig. 3(a), the as-prepared ball-milled particles are highly 
agglomerated, and the particle-matrix was porous before sintering. 

Table 1 
Structure and microstructure parameters of 10h milled un-annealed and 
annealed samples obtained from Rietveld refinement.  

Structural parameters 10h milled un-annealed 
sample (average value) 

10h milled annealed 
sample (average value) 

Crystallite size (nm) 16.0 292.4 
Lattice strain 3.0 x 10− 3 9.2 x 10− 9 

Lattice 
parameters 
(Å) 

a =
b 

4.386 4.387 

c 30.426 30.426  

Fig. 3. Typical FESEM images (a,c) and particle size distribution histograms (b,d) of the 10 h milled Bi2Te3 sample, before and after its thermal annealing.  
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However, the sample became compact on pelletization and thermal 
annealing (Fig. 3(c)). Particle sizes of the 10 h ball-milled powder and its 
sintered pellet are measured from FESEM images, and respective size 
distributions are presented in Fig. 3(b) and (d), respectively. The particle 
size of the unsintered sample varied between 12 to 22 nm, and that of 
the annealed sample varied between 80 to 520 nm, with an average of 
~298 nm. It can be noticed that the particle sizes estimated from the 
FESEM images of the un-annealed and annealed samples agree well with 
the average crystallite size estimated from the Rietveld analysis of their 
XRD patterns (Table 1). 

Fig. 4 presents elemental mapping images at the surface of annealed 
and un-annealed Bi2Te3 pellets prepared using 10h milled sample, along 
with their typical EDX spectra. EDX spectra of both the un-annealed and 
annealed samples revealed characteristic emissions of Bi and Te, along 
with the signals of Au and carbon (C). While the Au signal appeared from 
the Au film deposited over the pelletized samples to acquire their FESEM 
images, the carbon signal appeared from the carbon tape used to mount 
the samples over aluminium sample holders. As can be noticed, the Bi 
and Te elements are evenly distributed in both samples. The intensity of 
the carbon emission signal reduced substantially after annealing the 
sample. However, the EDX estimated Bi:Te atomic ratio in the un- 
annealed sample is close to 1:2, indicating a significant excess Te in 
the sample (inset of Fig. 4(e)). The Bi:Te atomic ratio in the sample 
remained almost unchanged after thermal treatment. 

3.2. Bandgap determination of Bi2Te3 samples using FTIR spectra 

Fig. 5 depicts the FTIR spectra of 10 h milled Bi2Te3 samples before 
and after thermal treatment. Transmittance values in the 400-4000 
cm− 1 spectral range are utilized to estimate their absorption coefficients 
(α) using the relation, T = e− αt, where T is the transmittance, and t is the 
thickness of the pelletized sample [40,41]. 

For estimating bandgap energy Eg of the samples of direct optical 
transition [40], we have utilized the Tauc relation:  

αhν = A(hν – Eg)1/2                                                                         (4) 

where h is Planck’s constant, ν is the frequency of incident light, and A is 
a constant. The optical band gap energies of the samples are estimated 
by extrapolating the linear portion of (αhν)2 vs hν plots to intercept the 
abscissa at zero ordinate (Fig. 6). 

Fig. 6 shows the Tauc plots of the 10 h milled un-annealed and 
annealed Bi2Te3 samples. Tauc plots of both the samples revealed clear 
linear sections near their absorption edges. The bandgap energies 

Fig. 4. (a) Secondary image, (b–d) elemental mapping images, and (e) typical EDX spectrum of the as-prepared 10h milled Bi2Te3 sample. (f) Secondary image, (g–i) 
elemental mapping images, and (j) typical EDX spectrum of the annealed 10h milled Bi2Te3 sample. 

Fig. 5. FTIR spectra of 10 h milled Bi2Te3 sample before and after 
heat treatment. 
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estimated by extrapolating the linear portion of the plots are 0.157 eV 
and 0.109 eV for un-annealed and annealed samples, respectively. The 
bandgap energy value of the un-annealed sample matches quite well 
with the previously reported band gap energy value of Bi2Te3 (0.15 eV) 
[40,42]. At the same time, the optical band gap energy (~0.109 eV) of 
the thermally treated sample matches well with the value (~0.11eV) 
reported by Mishra et al. [43]. 

From Fig. 6, it can be seen that the bandgap energy of the 10 h milled 
sample has reduced after annealing, which in general, is associated with 
the comparatively larger crystallites of the annealed sample, as obtained 
in the XRD (Fig. 2) pattern and FESEM (Fig. 3) image analyses. It appears 
that due to sintering-assisted grain growth (>ten times), most of the 
lattice imperfections generated through mechanical alloying have been 
eliminated, and the separation between valance band (VB) and con
duction band (CB) reduces significantly [44]. Hence one may say the 
sample is turning towards metallic nature with annealing done. 

3.3. Electrical and thermoelectrical behaviour of the Bi2Te3 
nanostructures 

3.3.1. Electrical resistivity 
Fig. 7 depicts the temperature variation of electrical resistivity for 

the pelletized 10h milled Bi2Te3 sample before and after thermal 
annealing (at 573 K, 6h, in Ar atmosphere). As it is evident in the figure, 
for the entire temperature range (30–375 K), the electrical resistivity of 
the as-prepared (un-annealed) sample is about one order higher than 
that of the annealed sample indicating the occurrence of thermally- 
induced grain growth in the latter sample. The resistivity of the as- 
prepared sample decreased slowly with the increase of temperature up 
to ~250K, and then rapidly until 375K. Such a temperature-dependent 
behaviour of resistivity of the un-annealed sample demonstrates the 
semiconducting nature of the sample before annealing. However, after 
thermal annealing resistivity of the sample, apart from one order of 
reduction in magnitude (compared to that of the un-annealed sample), it 
increases with the increase of temperature, revealing its metallic nature. 
So it can be said that temperature-induced semiconductor to metal 
transition [45] has occurred here. However, this transition is not a pure 
semiconductor–metal transition because of the finite bandgap (0.109 
eV) of the annealed sample. Instead, the thermal annealing turned the 
10 h milled sample to a highly degenerate semiconductor of metallic 
character. Such a typical resistive behaviour of degenerate semi
conductors was also reported in previous studies [46,47]. The structural 
and optical characterizations (Figs. 2, 3 and 6(b)) of the thermally 
annealed sample have revealed an extensive grain growth (more than 10 
times) of the 10h milled sample, along with a reduction in bandgap 
energy. It primarily reveals the nondegenerate to highly degenerate 
semiconducting transitions. It can be noticed in Fig. 7 that, for a 
particular temperature, the electrical resistivity of the sample decreased 
by about an order of magnitude after thermal treatment. The lower 
porosity of the sintered sample might also contribute to it, as porosity 
plays a vital role in the thermoelectric, electrical and thermal transport 
properties [48]. Due to substantial grain growth and porosity reduction, 
majority carrier mobility in the thermally annealed sample is expected 
to be very high, which has been reflected in its electrical resistivity. The 
room temperature electrical resistivity (ρ) of the 10 h milled sample has 
reduced from 7.974 x 10− 5 Ω-m to 1.946 x 10− 5 Ω-m after thermal 
annealing, which agrees well with the reported results of Takashiri et al. 
[49] for nanocrystalline Bi2Te3 thin films. 

3.3.2. Thermal conductance and thermal conductivity 
Fig. 8(a) presents the temperature variation of thermal conductance 

for the 10h milled Bi2Te3 sample before and after its thermal annealing. 
Thermal conductivity (K) is estimated from thermal conductance (C) 
using the relation K = C (l/A), where l is the distance between two 
thermometer shoes, and A is the cross-sectional area of the rectangular 
sample. As can be noticed, the thermal conductance of the un-annealed 

Fig. 6. (αhν)2 vs hν plots (Tauc plots) for (a)10 h milled un-annealed and (b)10 h milled annealed Bi2Te3 samples.  

Fig. 7. Temperature variation of electrical resistivity of the 10h milled Bi2Te3 
sample before and after thermal treatment. 
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sample increases with temperature, while it decreases with temperature 
in the annealed sample. As expected, the temperature dependence of 
thermal conductivity of the samples (Fig. 8(b)) also revealed the same 
trend. Thus, the thermal conduction behaviour of the un-annealed and 
annealed samples has revealed their semiconducting and metallic 
(highly degenerate semiconductor) behaviour, respectively, which 
entirely agrees with their electrical and optical behaviours. 

Generally, the total thermal conductivity (K) of a crystalline material 
is composed of lattice thermal conductivity (Kl) and electronic thermal 
conductivity (Ke) as, K = Kl + Ke. Electronic thermal conductivity can be 
determined from the electrical conductivity (as calculated from the 
measured value of electrical resistivity) using the Wiedemann–Franz 
law, Ke = σLT, with Lorentz number, L = 2.45 x 10− 8 WΩ/K2. Fig. 8(c) 

shows the variation of electronic thermal conductivity with tempera
ture. For both the un-annealed and annealed samples, Ke increases 
almost linearly with temperature. However, it increased faster in the 
annealed sample due to its higher electrical conductivity. On the other 
hand, the temperature dependence of lattice thermal conductivity Kl 
(Fig. 8(d)) of the samples revealed a similar trend as their total thermal 
conductivity. 

Due to the semiconducting nature of the un-annealed sample, an 
increase in temperature generates a higher number of charge carriers in 
it. These charge carriers with high kinetic energy contributed to the 
thermal conduction and have enhanced the thermal conductivity of the 
materials at higher temperatures. However, upon thermal annealing, the 
semiconducting Bi2Te3 transforms into a degenerate semiconductor 

Fig. 8. Temperature variation of (a) thermal conductance, (b) total thermal conductivity, (c) electronic thermal conductivity, and (d) lattice thermal conductivity of 
the un-annealed and annealed Bi2Te3 samples prepared by 10h ball milling. 

Fig. 9. Temperature dependence of (a) Seebeck coefficient and (b) Power factor for the 10 h milled Bi2Te3 nanostructures before and after thermal annealing.  
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showing the characteristics of a conductor. The lattice vibration in
creases with temperature, which resists phonon propagation in the solid 
and causes a reduction of lattice thermal conductivity (Kl). As stated 
earlier, the electronic thermal conductivity (Ke) of both the annealed 
and un-annealed samples increases with temperature. Due to the in
crease of both Ke and Kl, the total thermal conductivity (K) of the un- 
annealed sample increases with temperature. 

On the other hand, with the increase of temperature, while the 
electronic contribution of thermal conductivity (Ke) increases for the 
annealed sample, its lattice thermal conductivity (Kl) decreases sharply, 
resulting in a net decrease of total thermal conductivity. For a given 
temperature, the total thermal conductivity of the annealed sample is 
considerably higher than the un-annealed sample. The higher value of K 
of the annealed Bi2Te3 nanostructures than the un-annealed one is 
mainly because of their higher Kl, which results from the grain growth 
due to thermal annealing and hence a reduction of phonon scattering at 
the grain boundaries. A similar effect has been reported earlier by 
Takashiri et al. [49] for their nanocrystalline bismuth-telluride thin 
films. At room temperature, the values of total thermal conductivity of 
10 h milled un-annealed and annealed samples are ~0.67 W/K-m and 
~2.30 W/K-m, respectively, which are pretty close to the reported 
values for nanostructured Bi2Te3 thin films [49]. 

3.3.3. Seebeck coefficient and power factor measurements 
Fig. 9(a) presents the temperature dependence of Seebeck co

efficients (α) for the 10h milled annealed and un-annealed samples. As 
can be seen, Seebeck coefficients of both the samples are negative, 
indicating electrons are majority charge carriers in both samples [50]. 
The Seebeck coefficient of both the samples increases almost linearly 
with the increase of temperature. Such an increase of Seebeck coefficient 
with temperature can be associated with the equation for the Seebeck 
coefficient of metals or highly degenerate semiconductors, expressed as: 

α=
8π2K2

B

3eh2 m∗ ​ T(
π
3n
)

2/3 (5)  

where, m*, T and n denote the effective mass of the carrier, absolute 
temperature, and carrier concentration, respectively [3], in parabolic 
band energy independent scattering approximation [51]. For a partic
ular temperature, the absolute value of the Seebeck coefficient of the 
sample increases a bit after sintering, probably due to bigger crystal
lite/grain size, which causes a decrease of carrier concentration [49]. At 
room temperature, the absolute value of the Seebeck coefficient of the 
sample increases from 105.69 μV/K to 168.78 μV/K due to annealing, 
which is close to the previously reported values of Seebeck coefficient of 
nanocrystalline Bi2Te3 thin films [52,53]. 

From the obtained Seebeck coefficient (α) and electrical resistivity 
(ρ) values, power factor values (α2/ρ) for the 10 h milled annealed, and 
un-annealed samples are calculated at different temperatures. The 
power factor is a significant thermoelectric parameter that determines 
the performance of a thermoelectric converter. The power factor values 
of the annealed and un-annealed samples at different temperatures are 
plotted in Fig. 9(b). For both samples, the power factor increases with 
temperature due to the positive values of Δα/ΔT [54]. However, the 
power factor for the annealed sample is considerably higher in com
parison to the same for the un-annealed sample for the whole range of 
measurement (30–375K). The higher power factor of the annealed 
sample can be associated with its higher Seebeck coefficient and lower 
electrical resistivity. 

3.3.4. Thermoelectric figure of merit 
Fig. 10 shows the temperature variation of the figure of merit (ZT) for 

10 h milled Bi2Te3 sample before and after thermal treatment. The ZT 
value has increased with temperature for both samples. While the room 
temperature (300K) ZT value of the sample increased from 0.063 to 
0.187 upon thermal annealing (at 573K in Ar), and the ZT value at 370K 

increased from 0.08 to 0.239. The estimated ZT values of the annealed 
sample are similar to those reported earlier [55]. However, Zhou et al. 
[55] had reported comparatively higher ZT values for their mechani
cally alloyed (6 h milling and annealing in ~327K–427K temperature 
range) sample after rapid spark plasma sintering (SPS) at 663K. The 
higher ZT value of their Bi2Te3 samples might be associated with the 
rapid annealing process by the spark plasma treatment, where only a 
limited grain growth occurs. In the present case, the sample was 
pelletized with moderate unidirectional pressure and sintered at a 
comparatively lower temperature (573K) for 6 h. As the physical prop
erties of a material depend on the synthesis method, different ZT values 
have been reported for Bi2Te3 prepared using different synthesis pro
cesses [19,21,27,56]. However, the ZT value (~0.239 at 370K) esti
mated for our annealed 10h ball-milled Bi2Te3 nanostructures is quite 
comparable to the reported ZT value (~0.25 at 370K) of Bi2Te3 syn
thesized by the solvothermal process [18]. It is also close enough with 
the reported value (~0.3 at 375K) of Bi2Te3 synthesized by mechanical 
alloying and SPS process [57]. The thermoelectric parameters estimated 
for the 10h milled Bi2Te3 nanostructures are presented in Table 2. 

5. Conclusions 

In summary, phase pure nanocrystalline Bi2Te3 could be successfully 
fabricated by solvent-free mechanical alloying of metallic Bi and Te 

Fig. 10. Temperature variation of thermoelectric figure of merit (ZT) for the 
10 h milled annealed and un-annealed Bi2Te3 samples. 

Table 2 
Estimated electrical and thermal transport parameters for the annealed and un- 
annealed Bi2Te3 nanostructures prepared by 10 h ball milling.  

Physical properties As prepared (unannealed) 
sample 

Thermally annealed 
sample 

At 300K At 370K At 300K At 370K 

Electrical resistivity 
ρ (in Ohm-m) 
(Error limit: ±0.035) 

7.974 x 
10− 5 

6.969 x 
10− 5 

1.946 x 
10− 5 

2.111 x 
10− 5 

Thermal 
Conductivity K (in W/ 
K-m) 
(Error limit: ±0.023) 

0.6684 0.9115 2.299 2.235 

Seebeck Coefficient 
α (in μV/K) 
(Error limit: ±0.05) 

− 105.69 − 118.00 − 168.78 − 174.56 

Power Factor α2/ρ (in V 
K− 2 m− 1) 
(Error limit: ±0.071) 

14.042 x 
10− 5 

19.961 x 
10− 5 

14.194 x 
10− 4 

14.473 x 
10− 4 

Figure of Merit ZT (Error 
limit: ±0.009) 

0.063 0.082 0.187 0.239  
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powder precursors under the Ar atmosphere. Formations of the Bi2Te3 
phase and minor BiTe (I) and BiTe (II) phases have been noticed within 
the first 15 min of milling. Complete formation of single-phase Bi2Te3 
nanostructures is observed only after 1 h of ball milling. A longer milling 
time produces smaller nanoparticles and introduces higher r.m.s. strain 
in the Bi2Te3 lattice. High-temperature thermal annealing under an inert 
atmosphere leads to extensive grain growth and helps to reduce the 
lattice strain of the Bi2Te3 nanostructures considerably, along with a 
reduction of phonon scattering in the lattice. Annealing also induces a 
metallic character to the ball-milled semiconducting Bi2Te3 nano
structures, resulting in reduced bandgap energy. The thermally 
annealed Bi2Te3 nanostructures manifest higher thermal conductivity 
than the as-prepared nanostructures, revealing the effect of grain growth 
on transport properties. Due to higher electrical conductivity and See
beck coefficient, the thermally annealed Bi2Te3 nanostructures manifest 
better thermoelectric performance. The as-prepared and thermally 
annealed Bi2Te3 nanostructures manifest their n-type electrical con
ductivity and negative Seebeck coefficients. The power factor (α2/ρ) of 
the annealed nanostructures is ~10 times higher (from ~10− 5 to ~ 
10− 4) than that of the as-prepared sample. The thermoelectric figure of 
merit (ZT) of the annealed Bi2Te3 nanostructures is ~ three times higher 
than the un-annealed nanostructures in the 30–370K temperature range. 
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