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Nanocrystalline bismuth telluride, Bi,Te, has been synthesized by mechanical alloying (MA) the
powder mixture composed of Bi and Te in the inert gas atmosphere within a short duration of 15 min.
Microstructure characterization of the prepared powder has been investigated adopting the Rietveld’s
method using X-Ray diffraction (XRD) data and analyzing high-resolution transmission electron
microscopy (HRTEM) images. The XRD pattern of 15 min milled powder is composed of reflections of
major Bi,Te, phase with other two minor phases. Detailed structural information of these minor phases
has been reported here which was not explored in any previous works. XRD analysis reveals that the
stoichiometric Bi, Te, phase has been formed after 1h of milling and there is no phase transition up to
10h of milling. HRTEM study also reveals the formation of single phase nanostructured Bi, Te, phase.
The DC (direct current) conductivities of 15min, 30min and 10h ball milled powders are measured
within the temperature range of 359 to 633K. The electrical conductivity (o) of Bi,Te, indicates the
semiconducting nature of the sample. There is no significant change of electrical conductivity of Bi, Te,
phase since its formation after 15min to 10h of milling, as there is no noticeable change in crystallite size.
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1. Introduction

As fossil fuel resources are becoming exhausted,
thermoelectric (TE) devices, as alternative power resources
have found their applications in power generators or cooling
devices 2. Currently, due to relatively low efficiency and
high cost, TE materials have limited applications. TE
materials can play a vital role in energy conservation if
efficient and stable novel materials can be prepared in a
cost-effective way. Bismuth telluride based alloys are well
known potential TE materials for near room temperature
applications due to their low thermal conductivity and large
Seebeck coefficient 3. Reducing the crystallite size of
polycrystalline TE materials to the nano-scale has resulted
in a significant reduction of the lattice thermal conductivity
and improvement in the figure of merit 7. Most of these
advances are related to the use of nanostructures due to
thermal conductivity reduction %°. Alternatively, composite
TE materials containing several phases may have higher
efficiency introducing more interfaces leading to a decrease
in the thermal conductivity. The aim of the present research
work is the production of nanostructured bismuth telluride
thermoelectric material in a low-cost method. For this
purpose, we have employed the MA method to prepare
nanocrystalline bismuth telluride alloy starting from an
elemental powder mixture of Bi and Te at room temperature.

*e-mail: skpradhan@phys.buruniv.ac.in

This simple and cost-effective preparation route has the
advantage to produce nano-dimensional Bi,Te,powder in
large quantities in a very short duration of time. Although
several reports on mechanosynthesis of single/composite TE
materials have been published 4, the growth mechanism
of bismuth telluride TE material synthesized by mechanical
alloying (which may lead to the formation of nanocomposites
including several constituent phases of the same family),
has not been reported yet. Earlier review shows that during
growth processBi, Te, may co-exist with different high-pressure
phases, which are still remained unidentified so far the
structure report is concerned '*'°. In another work, synthesis
of Bi, Te,was prepared by mechanical milling in a short time
but the appearance of other phases in the XRD pattern was
ignored and so the growth mechanism of stoichiometric
Bi, Te, phase remains unexplored '". In the present work, XRD
pattern analysis reveals that at relatively lower time milling
(15min and 30 min) major rhombohedral Bi, Te, phase has
been formed along with a trace amount of two minor phases.
Formations of such intermediate metastable high-pressure
phases during mechanical alloying were already reported
by ourselves '*!°. However, higher time of milling after 1h
produces single phase nanocrystalline Bi, Te,, which remains
stable up to 10h of milling. Detailed structural information
of the hitherto unidentified phases evolved in the way of
formation Bi,Te has been reported in the present work.


https://orcid.org/0000-0002-0774-872X

2 Kanta et al.

In this study, Rietveld’s powder structure refinement
method has been adopted to analyze the XRD data **-* for
microstructure characterization and phase quantification of
the individual phases in the unmilled powder mixture and
all ball-milled powder samples. The Rietveld method was
successfully applied for phase quantification and microstructure
characterization measuring lattice imperfections of several
multiphase materials >*’. Microstructure characterization and
phase identification of the 10h milled powder have also been
carried out by analyzing HRTEM images. The DC electric
conductivities of 15min, 30min and 10h ball-milled samples
are measured within the temperature range of 359 to 633K to
validate the semiconducting nature of the prepared materials.

The general objective of the present work is to search for a
cost and time efficient technique to synthesize nanostructured
Bi,Te, TE material, with the possibility of commercialization
and mass production of the material. Besides this, explanation
of growth mechanism by exploring the structure of metastable
phases evolved in the early stage of milling, which would
advance the knowledge in the field of production of TE
nanocomposites as well as their contribution to the thermoelectric
power.The specific objectives of this work are to study the
structure/microstructure and phase quantification of bismuth
telluride based composites in the way of formation single phase
Bi, Te,compound and their electrical characterization. Itis expected
that the reduction of crystallite size of Bi,Te,down to nano-
dimension effectively reduces the lattice thermal conductivity
and increases electrical conductivity, which in turn improves
the thermoelectric performance of nanocrystalline Bi, Te,.

2. Experimental

MA was performed at room temperature using a high-
energy planetary ball mill (Model-P6, M/s FRITSCH,
GmbH, Germany). Starting elements pure Bi (M/s Loba
Chemie; purity 99.5%) and Te (M/s Sigma Aldrich; purity
99.5%) powders were mixed in 2:3 molar ratio. The powder
mixture was kept in a chrome steel vial (80 ml volume) with
30 numbers of chrome steel balls (10 mm size) sealed in a
glove box under flowing Ar atmosphere. The ball-to-powder
mass ratio (BPMR) was 40:1. Milling was paused after a
selected time interval (15min after every 15min of milling)
and milled powders were collected from the vial. XRD data
of unmilled and all ball milled powder samples were collected
from an X-ray powder diffractometer (Bruker; Model D8
Advance Da Vinci) operated at 40 kV and 40 mA with Ni-
filtered CuK  radiation in step-scan mode (step size 0.02°
20 and counting time 30s/step) within the angular range of
20°-80° 20.For HRTEM study, the 10h ball milled powder
was finely dispersed in alcohol using ultrasonic vibrator
and then a tiny drop of the solution placed on a 300 mesh
carbon-coated Cu-grid. The HRTEM was operated at 200KV
(Model HR-TEM, JEOL JEM 2100) to obtain well-resolved
HRTEM micrographs of nanocrystalline Bi,Te, particles.
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The DC electrical conductivities of 15min, 30min and 10h
ball-milled samples were measured by a standard four-probe
method using 81/2-digit Agilent 3458 multimeter and 6514
Keithley Electrometer. To measure the DC conductivity, pellets
of 1cm diameter was prepared by pressing the powder mixture
under a hydraulic press at 500 MPa. Silver paint was used to fix
the fine copper wires (probes) on both surfaces of the pellets.

3. Microstructure Evolution by X-ray Diffraction

Microstructure characterization of the materials under
study has been revealed employing the Rietveld’s whole
profile fitting method. The Rietveld software, MAUD 2.79 2
has been successfully employed for the entire analysis. Powder
XRD patterns are simulated incorporating structural and
microstructural parameters of following individual phases
(1) Bi(trigonal, S.G.: R-3m:H, @ =0.4547 nm, c=1.1861 nm)
(ii) Te (trigonal, S.G.:P3121, a= 0.4459 nm, c= 0.5927 nm )
(iii) B, Te, (trigonal, S.G.: R-3m:H, a =0.4423 nm, ¢ = 3.0085
nm,) (iv) BiTe (I) (trigonal, S.G.: P-3m1, a =0.4386 nm, c =
3.0545 nm), and (v) BiTe (II). (trigonal, S.G.: P-3m1, a=0.4477
nm, ¢ = 1.8719 nm). XRD step scan data are used to obtain
the refined structural and microstructural parameters, such
as lattice parameters, crystallite size and r.m.s. lattice strain.

Refinement minimizes the difference between the
observed experimental and simulated powder diffraction
patterns and continues until convergence is reached. Value
of the quality factor Goodness of fitting (GoF~1) confirms
the goodness of refinement -5

GoF=R_/R
wp "~ exp

where R, (weighted residual error) and R, (expected error)
are reliability index parameters. 2'%5.

The Rietveld analysis can explore quantitative phase
abundances of the composite materials *3° and also has
been adopted for precise phase quantification of ball-milled
Bi-Te powder mixture in the present study.

4. Results and Discussion

4.1 Microstructure characterization by XRD and
HRTEM study

Fig. 1 represents the XRD patterns of unmilled (Oh) and
all ball-milled (15min-10 h) Bi-Te powder mixture. XRD
pattern of unmilled powder mixture (Oh) shows none other
than reflections of starting Bi (ICSD # 2446663) and Te
(ICSD # 161690) phases with intensities in accordance to
their respective contents in the mixture powder. Theoretically
simulated patterns (I ) are refined for best fitting with
the experimental patterns (I ) and the final fitted patterns
are illustrated in Fig. 1. Almost linear fitting residuals
(I,-1) are plotted at the bottom of individual patterns.



Microstructure and electrical characterization of thermoelectric nanocrystalline Bi,Te, synthesized by mechanical alloying 3

Nature of fitting residual and value of quality factors of the
fitting, GoF (1.01-1.42) simultaneously gives evidence that
the experimental patterns have fitted well with theoretically
simulated and refined patterns 253,

Figure 1. Rietveld output of X-ray powder diffraction patterns of
ball-milled Bi-Te powder mixtures. Experimental data points are
shown as hollow circles, while refined simulated patterns are shown
as continuous lines. The difference between the experimental data
(1)) and the fitted simulated pattern (I ) is shown as a continuous
line under respective diffraction pattern. Presence of BiTe () (®)
and BiTe (II) (V) in 15min milled sample is shown with different
symbols. The peak positions of Bi and Te are shown as small solid
bar markers at the bottom of the figure. Crystal planes of Bi, Te, are
indexed in XRD pattern of 10 h ball-milled powder.

Only 15 min of milling results in a significant change in
the XRD pattern as evidenced in Fig. 1. Most of the strong
reflections of Bi,Te, (ICSD # 158366) phase have been
appeared in the pattern with noticeable peak broadening
along with two additional reflections around the major (015)
reflection of Bi,Te, phase. It is interesting to note that there is
no trace of either of the two elemental reflections in the XRD
pattern. It clearly reveals that the required Bi,Te, phase has
been synthesized within 15min of milling with an insignificant
amount of secondary phases. Development of unknown phases
during the synthesis of Bi,Te, had been reported in some
previous works ¢, We have identified the new structurally
unknown phases produced in the relatively lower milling
time as BiTe (I) and BiTe (II) (ICSD # 9000678) phases with
similar structure but different lattice parameter values (Table 1).

After 30 min of milling, intensities of BiTe phases reduce
to a minimum. However, the XRD pattern of 1h ball-
milled powder shows only the reflection of Bi, Te, phase,
signifying a higher time of milling after 1h produces single
phase Bi,Te, Extended milling upto 10h results only in
peak-broadening associated with lowering the crystallite
size and increasing r.m.s. strain of mechanically alloyed
Bi,Te, powder. Atomic models of BiTe (I), Bi,Te,and
BiTe (II) (sequence follows the reflection position of the
corresponding phases in the XRD patterns of 15min and
30 min milled powder) phases are represented in Fig.
2 depicting atomic positions of Bi and Te in different
structural phases evolved during the milling process.

Figure 2. Atomic model of (a) BiTe (I) (b) Bi,Te, and (c) BiTe
(II) phases.

Results of the Rietveld analysis are plotted in Figs. 3-5
and tabulated in Table 2 to reveal the phase transformation
kinetics and microstructure characterization of Bi-Te powder
mixtures. Itis to be noted that Bi, Te, phase has been evolved
as major phase (~90 mol%) just after 15 min of milling with
BiTe (I) (~5.4mol%) and BiTe (II) (~4.6mol%) phases. After
1h of milling, Bi,Te, phase formation has been completed
with the disappearance of two minor phases. The detailed
microstructure of single phase Bi,Te, has been analyzed
by Rietveld refinement and obtained results are plotted in
these figures.

The variations of lattice parameters of Bi,Te,with
increasing milling time are shown in Fig. 3 and Table 2.

Table 1. Structural information of BiTe (I) and BiTe (II) developed after 15 min of milling.

Phase Lattice parameters (nm) Atomic coordinates(z)

a c Tel Te2 Te3 Bil Bi2 Bi3
BiTe (I) 0.4386 3.0545 0.1015 02248  0.3631  0.1252  0.2922  0.4593
BiTe (II) 0.4477 1.8719 0.0744 02240 03699  0.1293  0.2952  0.4528




It is evident that the lattice parameter ‘a’ remains the same
throughout the milling process, though there is a tendency
of a small increase of ‘c’ lattice parameter with increasing
milling time. After 5h of milling, lattice parameter values
are saturated and remain unchanged till the final stage of

milling of 10 h.

Figure 3. Variation of lattice parameters of Bi,Te, phase with

increasing milling time.
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After the formation of Bi,Te,phase, both crystallite sizes
and lattice strain values are found to be anisotropic in nature.
Crystallite sizes are relatively large along [1 1 0] (~22.5 nm)
and [0 1 5] (~20 nm) with respect to [1 0 10] (~16 nm) (Fig. 4).
In the course of milling, initially crystallite sizes in different

crystallographic directions are decreased to a large extent

milling time.

Figure 4. Variation of crystallite sizes of Bi, Te, phase with increasing

Table 2. Microstructure parameters of unmilled and ball milled Bi, Te, revealed by Rietveld’s X-ray powder structure refinement analysis.

Milling  Phase Mol fraction ~ Lattice Parameter £[10~ to 10°]*  Plane  Particle Size (hnm)  R.m.s strain <<g *>'>
time present  £[1073 to 102]* a(um) b (nm) ¢ (nm) direction ~ +[102to 10']* x 10* £[107 to 1072]*
0 min Bi 0.100 0.4547  0.4547 1.1861 125.7 0.025
Te 0.900 0.4459  0.4459 0.5927 (100) 104.1 2.74
15min  Bi,Te, 0.875 0.4426  0.4426 3.0256 (015) 223 0.30
BiTe (I) 0.060 0.4386 0.4386 3.05451.8719 (1010) 16.2 0.60
BiTe (II) 0.065 0.4477  0.4477 (110) 22.8 1.16
34.0 1.92
40.2 1.73
30min  Bi,Te, 0.969 0.4394  0.4394 3.0292 (015) 20.7 1.30
BiTe (I) 0.014 43824 43824 3.0546 (1010) 16.5 1.50
BiTe (II) 0.017 44369 4.4369 1.8945 (110) 223 2.20
18.6 2.17
21.3 2.39
1h Bi,Te, 1 0.4386  0.4386 3.0348 (015) 20.0 1.65
(1010) 16.2 3.55
(110) 225 3.22
3h Bi,Te, 1 0.4389  0.4389 3.0359 (015) 20.0 1.62
(1010) 15.8 3.63
(110) 214 3.23
5h Bi,Te, 1 0.4387  0.4387 3.0423 (015) 17.6 1.89
(1010) 15.1 4.58
(110) 17.1 2.11
10h Bi,Te, 1 0.4386  0.4386 3.0426 (015) 16.8 2.31
(1010) 14.8 4.68
110 17.1 2.50
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with increasing milling time and then approached towards
saturation values. In general, though the nature of variations
is different for different directions, crystallite sizes along [1 1
0] and [0 1 5] become almost same after Sh of milling (~17.5
nm) and this value is slightly higher than that of along [1 0 10]
(~15.1 nm).This trend in crystallite size variation continues to
the end of milling. The saturation crystallite size value is ~17
nmalong [1 1 0] and [0 1 5], whereas ~15 nm along [1 0 10].
The variation of r.m.s. lattice strain of Bi, Te, is plotted in
Fig. 5 and the lattice strain values are also different in different
crystallographic directions. Similar to crystallite size variation,
after 5Sh milling r.m.s. lattice strain along [1 1 0] releases to
a large extent and become nearly equal to that along [0 1 5].
Whereas, r.m.s. lattice strain along [1 0 10] increases after Sh
of milling and even after 10 h of milling strain along [1 0 10]
remains higher than along [0 1 5] or [1 1 0]. Analyzing the
nature of variation of crystallite size and r.m.s. lattice strain
value along with the directions considering three major
reflections, it is evident that the mechanically synthesized
Bi, Te, nanocrystals are anisotropic in nature. However, higher
time of milling after 5h results in a large impact by reducing the
level of anisotropy of both crystallite size and lattice strain.

Figure 5. Variation of r.m.s. strains of Bi2Te3 phase with increasing
milling time.

The HRTEM images of 10 h ball-milled powder
are shown in Figs. 6(a)-(d) Miller indices of different
crystal planes shown in the indexed selected area electron
diffraction (SAED) pattern of Fig. 6(a) clearly reveals that
the 10 h milled sample contains only the Bi, Te, reflections.

Figure 6. (a) Indexed selected area electron diffraction (SAED) pattern of 10h ball-milled Bi, Te, powders (b). Brightfield
TEM image of 10h ball-milled powder containing Bi, Te, nanoparticle (marked by white ring) (c) & (d) HRTEM
micrograph revealing (110), (1010) and (015) planes of nanocrystalline Bi,Te, in 10h ball-milled powder mixture.
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An isolated Bi,Te, nanoparticle (marked by white ring) as
shown in the HRTEM image of Fig. 6(b) is clearly anisotropic
in nature with average particle size ~9.73 nm which is smaller
than the crystallite size obtained from Rietveld analysis of
XRD pattern. The interplanar spacing of the planes of a
nanocrystalline particle is calculated from Fig. 6(b) and the value
0.324 nm corresponds to the densest (0 1 5) plane of Bi, Te, lattice.
Crystal planes with different orientations have also been
clearly noticed in both Figs. 6(c) and (d) and the calculated
interplanar spacing shown in the figures in each case gives
direct evidence of the full formation of the trigonal Bi,Te,
phase in 10 h milled sample.

4.2 Electrical conductivities of ball milled
samples measured at different temperatures

In this present study, DC electrical conductivities of
15min, 30min and 10h ball milled Bi,Te, samples have been
measured within the temperature range of 359 to 633K. It is to
be noted that both 15min and 30min ball milled samples are
composed of major Bi, Te, phase and two minor BiTe phases
and the 10h milled sample contains only the Bi,Te, phase.

Materials Research

The conductivity ratio,c, [ 6 (633K)/c (359K)] is approximately
equal to 2.6364 for 10h milled sample. In Fig. 7 (a), variations
of DC resistances with temperature of these samples
are plotted. It is evident that after 15min of milling, the
increase of DC resistance with temperature dominates the
metallic behaviour of the sample. After 30min of milling,
a significant change is noticed. In the lower temperature
range up to ~423K, the DC resistance shows the metallic
and semiconducting behaviours and after that, it shows
completely semiconducting behavior up to 633K with
increasing DC conductivity with temperature. However, after
10h milling when there is no trace of minor BiTe phases
(Table 2), DC resistance decreases significantly by factor
~10 and the sample shows the secmiconducting nature in
the entire range of measuring temperature. These nature
of electrical behaviors can be interpreted by the following
manners: (a) the metallic nature of 15h milled sample is
due to the presence of two significant amount (Table 2) of
two minor BiTe phases, (b) presence of minor BiTe phases
in 30min milled sample is insignificant (Table 2) and the
metallic behaviour at low-temperature range may be due

Figure 7. (a) Variation of DC resistance of 15min, 30min and 10h milled samples with temperature (b) Activation energies
of 15min ball milled sample at different temperature regions (c) Activation energies of 30 min ball milled sample at different
temperature regions (d) Plot of log T with 1000/T after measurement the DC electrical conductivity of 10h ball-milled Bi,Te,.
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these phases and at elevated temperatures, these phases seem
to dissolve in major Bi,Te, phase and after that the single
stoichiometric Bi, Te, phase shows semiconducting behaviour,
(c) after 10h of milling the stoichiometric Bi,Te, has been
formed and the conductivity of the semiconducting sample
increases significantly due to the absence of these minor
metallic BiTe phases. The variations of log (¢T) (S-cm™)
with 1000/T (K!) for 15min, 30min and 10h milled samples
are plotted in Figs. 7(b), (c) and (d) respectively. From
these figures, it is clear that log (¢T) and consequently the
electrical conductivities (o) of these samples are increasing
with temperature indicating more or less the semiconducting
nature of the samples. This type of variation can be explained
by the tunnelling type conduction model and according to
this model the electrical conductivity 6 is given by *'*

o1 o exp[—2kt —E./(2K:T)] )]

where the tunnel barrier thickness is denoted by t, barrier
parameter is denoted by k and E _is the charging energy. This
charging energy E _is related with activation energy E by
the relation E = 2E . For uniform barrier thickness, eq. (1)
can be simplified as *',

61 o exp[—E./(KsT)] 2

The rate of change of log (cT) with temperature is
different for low and high-temperature regions. So, at least
two different values of activation energies (E ) are obtained
for all three samples. In the case of the 10h milled sample,
E =0.07 eV and 0.138 ¢V are obtained for lower and higher
temperature region respectively. In 2010, Pradyumnan et al. 3
reported the values of activation energy of unannealed
and annealed Bi,Te, samples as 0.005 eV and 0.016 eV
respectively. Activation energies of Bi,Te, thin films were
found to be 0.0426 eV, 0.0386 eV, 0.0333 e V and 0.0277
eV for different thickness of the film 3*. In 2017, Vinoth
et al. reported the value of activation energy of Bi,Te, as
0.042 eV estimated from the Arrhenius plot . Thus, the
activation energy of the nanocrystalline Bi,Te, sample
synthesized by mechanical alloying is very close to the
reported values.

Relatively high activation energy at higher temperature
indicates that more and more immobile charge carriers have
become mobile with the increasing temperature which leads to
an increase in electrical conductivity (o) of all three samples
at elevated temperatures. It, therefore, indicates that the DC
resistance behaviour of the 15min milled sample is a mixture
of' metallic and semiconducting compounds, though it shows
the metallic character. It may be noted that the value of
conductivity of the 10h milled sample is not very high due
to the possibility of having a large amount of porosity in the
pellets made from ball-milled nano-dimensional powders
that result in a reduction of electrical conductivity.

However, there is no noticeable change in electrical
conductivities of Bi, Te, phase since its formation after 1 5min
till the end of milling up to 10h, as there is no significant change
in crystallite size of the phase with increasing milling time.

5. Conclusions

In the present study, nanocrystalline Bi, Te, powder has
been synthesized by mechanical alloying the stoichiometric
powder mixture of Bi and Te powders under Ar in a short
time of 15 min with two structurally unknown minor phases.
Structure models of these two new phases have been proposed
for the first time. Full formation of Bi, Te, has been achieved
after 1h of milling. Microstructure characterization by Rietveld
analysis reveals both crystallite size and r.m.s. lattice strain
are anisotropic in nature. HRTEM images of 10 h milled
powder mixture confirm the formation of stoichiometric
nanocrystalline Bi, Te, phase. The DC electrical conductivities
of the 15min, 30min and10 h ball-milled samples with
increasing temperature clearly reveals the metallic nature
of the 15min sample and semiconducting nature of 30min
and 10h milled samples. However, there is no significant
change in electrical conductivities of Bi,Te, phase since
its formation after 15min till the end of milling up to 10h.
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