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Abstract: Depending on the application of bismuth telluride thermoelectric materials in cooling,
waste heat recovery, or wearable electronics, their material properties, and geometrical dimensions
should be designed to optimize their performance. Recently, thermoelectric materials have
gained a lot of interest in wearable electronic devices for body heat harvesting and cooling
purposes. For efficient wearable electronic devices, thermoelectric materials with optimum properties,
i.e., low thermal conductivity, high Seebeck coefficient, and high thermoelectric figure-of-merit (zT)
at room temperature, are demanded. In this paper, we investigate the effect of glass inclusion,
microwave processing, and annealing on the synthesis of high-performance p-type (BixSb1−x)2Te3

nanocomposites, optimized specially for body heat harvesting and body cooling applications.
Our results show that glass inclusion could enhance the room temperature Seebeck coefficient by
more than 10% while maintaining zT the same. Moreover, the combination of microwave radiation
and post-annealing enables a 25% enhancement of zT at room temperature. A thermoelectric generator
wristband, made of the developed materials, generates 300 µW power and 323 mV voltage when
connected to the human body. Consequently, MW processing provides a new and effective way of
synthesizing p-type (BixSb1−x)2Te3 alloys with optimum transport properties.

Keywords: thermoelectric materials; microwave processing; bismuth telluride; nanocomposites;
body heat harvesting; glass inclusion; annealing; wearable cooler

1. Introduction

Thermoelectric (TE) materials are able to generate electricity from a temperature gradient directly.
The quality of these materials is defined by dimensionless thermoelectric figure of merit (zT) which
is defined by zT = (S2σ/κ)T, where S, σ, κ and T are the Seebeck coefficient (thermopower), electrical
conductivity, thermal conductivity, and absolute temperature, respectively. S2σ is known as the TE
power factor (PF) [1]. Bismuth antimony telluride (BiSbTe) alloys are the most promising p-type
TE materials that are widely used for cooling and low-temperature power generation applications.
BiSbTe alloys have been extensively developed in the last two decades [2–6]. In 2008, a nanostructured
BiSbTe bulk alloy was synthesized via mechanical alloying and showed zT = 1.4 at 100 ◦C [2]. Afterward,
various studies showed enhanced TE properties in BiSbTe alloys through different synthesis methods
via the reduction of thermal conductivity and/or power factor enhancement [3–7].

Nanocomposites are designated to a broad class of materials; however, in thermoelectrics, they are
generally considered as materials that contain nano-grains or nano-features as the second phase in their
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matrix. It has been shown that nanocomposites can have lower thermal conductivity than the “alloy
limit” [8]. zT improvement has been achieved in several TE nanocomposites such as PbTe-SrTe [9],
InGaAs/ErAs [8,10], SiGe-FeSi2 [11], and SiGe-Mg2Si [12,13]. TE nanocomposites undergo different
electrical and thermal transport processes than other TE materials such as dopant precipitation,
reduction in bipolar effect, and scattering of phonons at interfaces that can improve the TE properties
in nanocomposites [14]. Hence, depending on the application of TE materials, defect engineering,
grain size refinement, and compositional optimization enable further optimization of TE properties.

Using TE materials in wearable electronics to harvest energy from body heat is an emerging
technique to replace rechargeable batteries [15]. For wearable power generators and coolers, materials
with high zT and low thermal conductivity are demanded due to the skin and heatsink thermal
resistance and practical constraints restricting the use of bulky heatsinks. [16,17]. In addition, a high
Seebeck coefficient is required to provide adequate voltage to run the power management unit [18].
Therefore, for the wearable platform, the TE properties of materials should be optimized to perform
most efficiently at room temperature.

The reduction of thermal conductivity by phonon scattering in bulk TE materials has been widely
studied [2–5]. Most of the reported low thermal conductivity in BiSbTe alloys are from bottom-up
methods that usually have higher control on the microstructure [5,19,20]. However, these methods
are slow and costly. Microwave (MW) processing [21–23] is a reliable top-down technique that
has great potential to generate unique microstructures and improve the TE properties. However,
there are only limited studies on the fabrication of TE materials using MW processing [24–30]. In this
paper, we introduce MW processing as a new and promising top-down technique for developing
efficient p-type (BixSb1−x)2Te3 nanocomposites for wearable applications. The effect of glass inclusions
and annealing on the Seebeck coefficient, thermal conductivity, and zT is also studied to design p-type
(BixSb1−x)2Te3 nanocomposites for a wearable application.

2. Experimental Procedure

High purity bismuth (Bi, 99.9%) powder/tellurium (Te, 99.9%) lump and antimony (Sb, 99.9%)
powder/tellurium (Te, 99.9%) lump were separately mixed according to the stoichiometric ratio
and melted in an induction furnace to synthesis uniform Bi2Te3 and Sb2Te3 ingots (Figure 1a,b). In order
to tune for probable tellurium loss during the melting process, 2% extra Te was added to the mixture of
Bi/Te and Sb/Te. The synthesized ingots were then pulverized and milled for 5 h using a Fritsch-P6
planetary ball mill to prepare uniform nanostructured powders (Figure 1c). Bi2Te3 and Sb2Te3 powders
were then weighted and mixed with different ratios. In order to study the effect of glass frit, different
types and amount of glass powders, including EG3021, EG2964, EG2782, EG0026 Ferro electronic
glass [31,32] as sintering aids were added to the mixture of Bi2Te3/Sb2Te3 powders and all of the powders
were separately mixed for 30 s in an ARE-310 Thinky mixer to make (BixSb1−x)2Te3 nanocomposites.
The powders were then sintered at 540 ◦C for one minute using spark plasma sintering (SPS) to fabricate
TE samples with 14 mm height and 6 mm diameter.
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In order to study the effect of MW processing, the samples were exposed to MW radiation inside
a single-mode cavity using a 2.45 GHz MW generator. The experimental MW system comprises
an E-H tuner to adjust the magnitude of the wave and a sliding short for continuous load matching
during the processing. A pyrometer detector is used to observe the temperature profile of the samples.
All the preparation steps are performed under an argon atmosphere. The samples are loaded into
a boron nitride crucible and then hermetically sealed inside a quartz tube. The quartz tube is then
deoxidized by vacuum and Ar purge multiple times. The pressure of argon inside the tube is maintained
at 700 torrs during the experiments. The samples are processed by MW radiation at ~500 ◦C. Due to
the reduction of the density of the MW-processed samples, they were further consolidated by SPS
at 400 ◦C to densify and improve their mechanical properties. The annealing was performed in
an atmosphere-controlled oven at 230 ◦C.

The phase identification of the samples was performed by X-ray diffraction (XRD) using
a PANalytical Empyrean with Cu-Kα radiation. The morphology and microstructure of the samples
were investigated by a field emission scanning electron microscope (FE-SEM) using an FEI Verios 460L.
The electrical resistivity and Seebeck coefficient of the samples were simultaneously measured using
a 4-probe Ulvac ZEM-3 instrument. The thermal conductivity (κ) of the samples was calculated by
κ = DρCp, where thermal diffusivity (D) of the samples was measured using a Netzsch’s LFA 457 Micro
Flash laser flash instrument, the density (ρ) of the samples was measured using the Archimedes’ method,
and the specific heat capacity (Cp) was measured by Simultaneous Thermal Analyzer (STA, Netzsch
449 F1 Jupiter) instrument.

3. Results and Discussion

TE properties and leg dimensions of (BixSb1−x)2Te3 alloys should be optimized depending on
their specific applications [33]. For example, for wearable applications, high aspect ratio (thin and tall)
legs with a large Seebeck coefficient, small thermal conductivity, and high zT at room temperature
are demanded [19,34]. However, one of the drawbacks of thin and tall (BixSb1−x)2Te3 legs is their
poor mechanical properties versus shear and compressive forces that limit the cross-section reduction
of the legs. It has been shown that Ferro electronic glasses can improve the mechanical properties of TE
materials while improving or maintaining TE properties [24,35]. The effect of the addition of different
glass inclusions on thermoelectric properties of (BixSb1−x)2Te3 is studied in the next section.

3.1. Effect of Glass Inclusion

Ferro electronic glasses are used as a sintering aid in ceramics, binding agents, and sealants [36].
Table 1 summarizes compositions, glass transition temperature (Tg), softening temperature, and density
of different glasses that are used in this study. Different Ferro glasses can have very different effects on
the TE properties of (BixSb1−x)2Te3 alloys. Figure 2 compares the effect of the addition of 5 wt% EG3021,
EG2964, EG2782, and EG0026 glasses on the TE properties of (Bi0.25Sb0.75)2Te3. EG3021 severely
deteriorated the TE properties of the alloy, specifically its electrical conductivity in all temperature
ranges. Only the room temperature Seebeck coefficient enhances to ~270 µV/K. This might be due to
the low Tg and softening temperature of EG3021 or the glass elements that probably has a destructive
effect on carrier transport. Among EG2964, EG2782, and EG0026 glasses, EG2964 provides better
TE properties than the others up to 100 ◦C by improving the Seebeck coefficient and reducing
the thermal conductivity. It results in the lowest thermal conductivity (=0.73 W/mK) and the highest
zT (=0.9) at room temperature. The softening point of EG2964 is 520 ◦C, which almost matches
with the SPS temperature of the (Bi0.25Sb0.75)2Te3 alloy, i.e., 540 ◦C. Compared to the other glasses,
the addition of EG2964 glass (i.e., a composition made of Bi, Zn, and B) can be positively attributed
to the transport properties of (Bi0.25Sb0.75)2Te3 alloy by optimizing dopant level and the reduction of
lattice thermal conductivity.
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Table 1. Properties of different Ferro glasses.

Glass Composition Tg (◦C) Softening Temp (◦C) Density (g/cm3)

EG3021 Bi-Zn-B-R2O 365 383 7.06
EG2964 Bi-Zn-B 480 520 4.00
EG2782 Si-B-Al-RO 640 745 2.56
EG0026 Al-Ca-B-Si 641 770 2.60
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Figure 2. Comparison of (a) electrical conductivity, (b) Seebeck coefficient, (c) thermoelectric (TE)
power factor (PF), (d) thermal conductivity, and (e) TE figure-of-merit (zT) of (Bi0.25Sb0.75)2Te3 alloys
including 5 wt% EG3021, EG2964, EG2782, and EG0026 glass inclusions.

3.2. Optimization of Glass Inclusions

As was mentioned earlier, EG2964 glass inclusion provides better TE properties than other types
of glasses. In order to optimize the amount of glass inclusions in (BixSb1−x)2Te3 alloys, 0, 2.5, 5,
and 7.5 wt% of EG2964 glass were added to the mixture of (Bi0.25Sb0.75)2Te3. Figure 3 compares
TE properties of samples with glass inclusions. In general, the addition of more glass inclusions
reduces the electrical conductivity and improves the Seebeck coefficient. Above 100 ◦C the increase in
thermal conductivity and the reduction of the Seebeck coefficient are both the result of bipolar diffusion
when the concentration of the minority carriers becomes comparable to those of the majority ones.
The addition of glass does not change the trend of TE properties; it only shifts the bipolar effect to lower
temperature. The sample without glass has the lowest Seebeck coefficient at room temperature. The PF
of the sample with 5 wt% EG2964 is the highest among all samples, and the addition of more than
5% glass results in the reduction of PF. The sample without glass has the lowest thermal conductivity,
and the addition of glass increases the thermal conductivity of (Bi0.25Sb0.75)2Te3 alloy. The addition of
5% EG2964 glass has the lowest deteriorating effect on room temperature zT of (BixSb1−x)2Te3 alloys
while it improves the Seebeck coefficient and mechanical properties.
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According to these results, it is expected that in highly doped (BixSb1−x)2Te3 alloys with lower
x values wherein the electrical and thermal conductivity are naturally high, the addition of glass
reduces the electrical and thermal conductivity while improving the Seebeck coefficient. Therefore,
in the next section, we use 5% EG2964 glass and study the effect of MW processing and the consequent
annealing to optimize the TE properties of (BixSb1−x)2Te3 with lower x values.

3.3. Microwave Processing of Bismuth Antimony Telluride

MW radiation as an electromagnetic wave interacts with the materials at the atomic level and can
cause driving forces to enhance the solid-state reaction [25,26,37]. As such, it offers an efficiently
practical way for the synthesis and processing of TE materials. The interaction of MW radiation
with materials is divided into thermal and non-thermal effects [25]. The thermal effect has similar
basics and consequences as conventional heating. However, the non-thermal effects of MW radiation
enable some effects that cannot be explained by equilibrium thermodynamics. Some examples
are solid-state reaction, the electromagnetic field induced decrystallization, and solid-solution
decomposition of alloys, all of which can be of particular interest for designing efficient TE structures.
MW interaction with solid-solution alloys can drive a decomposition process as a result of a strong
ponderomotive force (PMF) near the interfaces [38]. The PMF enhances the mass transport near
the interfaces (such as grain boundaries) and results in constitutional phase separation. Hence, it enables
the fabrication of nanocomposites such as (BixSb1−x)2Te3 with Bi2Te3-rich and Sb2Te3-rich domains.
Electrons and phonons in such nanocomposites experience spectral energy disruption at the interface
of two phases that can increase the thermopower and decrease the thermal conductivity, both of which
can lead to better TE properties [24,26].

In MW processing of TE materials, the temperature of the samples enhances either by increasing
the MW power or increasing the MW exposure time. MW radiation up to a certain temperature, ~500 ◦C,
results in decrystallization and defect generation [39] and/or decomposition [38] of (BixSb1−x)2Te3

alloys. Additives such as sintering aids can also change the response of (BixSb1−x)2Te3 alloys to MW
as well as changing their TE properties.
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MW processing of p-type (BixSb1−x)2Te3 alloys above 400 ◦C without applying an external force
on the sample results in a dimensional expansion of the SPS sample, which reduces the density of
the TE materials. The reason for the expansion is not clearly known yet; however, it is expected
that the interaction of MW with the (BixSb1−x)2Te3 alloy results in localized hot spots and tellurium
evaporation, which may lead to structural expansion. Hence, a post-SPS at low temperature is required
to densify the MW-processed samples.

Annealing is a practical method to optimize the electrical conductivity. However, it can also
affect thermal conductivity. In order to investigate the effect of annealing on thermal transport
of MW-processed (BixSb1−x)2Te3-5% glass nanocomposites, a sample was diced into five disks with
1 mm thickness and the thermal conductivity of each disk was measured separately. The variation
of the thermal conductivity of the disks is shown with error bars in Figure 4a. Then, the disks
were annealed at 230 ◦C in an oven for 0 to 72 h (inset of Figure 4b). The thermal conductivity
of (BixSb1−x)2Te3-5% glass decreases up to 40 h of annealing; then, it increases (Figure 4a,b). The lowest
thermal conductivity was achieved in the 40 h annealed sample, which might be due to the creation
of a composite structure by precipitation and growth of the Bi2Te3-rich phase as a second phase in
the microstructure. Figure 5 demonstrates the comparison of the XRD patterns of annealed samples
at 230 ◦C for 0, 40, and 70 h. Comparison of 0 h and 40 h annealing shows that although annealing
for 40 h results in grain growth (indicated by the narrowing of the XRD peaks), the intensity of Bi2Te3

peak at 2θ = 27.7◦ increases. Therefore, it results in the creation of a composite structure. As mentioned
earlier, MW processing can decompose (BixSb1−x)2Te3 alloys to Bi2Te3-rich and Sb2Te3-rich phases
and generate a composite structure [38]. Annealing helps the growth of the decomposed phase,
i.e., Bi2Te3-rich phase up to a certain point. Longer annealing time at 230 ◦C leads to the dissolution
of the Bi2Te3-rich phase in the Sb2Te3-rich matrix. According to the XRD pattern, dissolving happens
by merging the peaks of the two phases together. This results in thermal conductivity enhancement
after 40 h of annealing. Therefore, 40 h annealing at 230 ◦C is the optimum annealing condition for
glass-contained samples.
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After optimizing the type of glass and annealing condition, (Bi0.17Sb0.83)2Te3-5% glass was
synthesized by SPS followed by MW processing and post-annealing. Table 2 lists the SPS, MW,
and annealing conditions of the synthesized samples.

Table 2. Sintering parameters of microwave (MW) processed samples.

Sample ID Composition SPS Temp (◦C)/Soak
Time (min) MW Temp (◦C) Second SPS

Temp (◦C)
Anneal Temp
(◦C)/Time (h)

SPS-MW-A0 (Bi0.17Sb0.83)2Te3-5%Glass 540/1 500 400 -
SPS-MW-A3 (Bi0.17Sb0.83)2Te3-5%Glass 540/1 500 400 230/3
SPS-MW-A40 (Bi0.17Sb0.83)2Te3-5%Glass 540/1 500 400 230/40

Figure 6a shows that the electrical conductivity of MW-processed samples reduces by annealing
time at 230 ◦C. Reduction in the electrical conductivity of samples with temperature is because
of the bipolar effect at high temperature that electron–phonon scattering decreases carrier mobility.
In the (BixSb1−x)2Te3 alloy system, the electrical conductivity increases by decreasing x. However,
the electrical conductivity of SPS-MW-A0 is less than crystalline and nanostructured alloys with
larger x (x = 0.2) [2]. This is probably due to the crystal defects that are induced by MW processing
as well as glass inclusions that decrease the mobility. Annealing can change the carrier concentration
of MW-processed samples by adjusting the concentration of defects. Figure 6b shows that the Seebeck
coefficient increases by annealing time. Lower electrical conductivity and higher Seebeck coefficient
of SPS-MW-A40 indicate that the carrier concentration is compensated by annealing. The Seebeck
coefficient is improved by 20% after 40 h of annealing. Annealing also improves the low-temperature
PF and reduces the high-temperature PF (Figure 6c). The PF of SPS-MW-A40 is ~32 µW/cmK2

at room temperature.
The thermal conductivity of the samples was strongly affected by annealing time (Figure 6d),

wherein the thermal conductivity of the samples decreased in all temperature ranges, in particular,
the thermal conductivity reduced from 0.91 W/mK to 0.77 W/mK at room temperature. This is one
of the lowest thermal conductivity values with this range of zT reported for (Bi0.17Sb0.83)2Te3 alloy
at room temperature. The reduced thermal conductivity is owing to the addition of glass inclusions,
development of a composite structure as a result of MW radiation, migration of defects, and stress
relaxation. Annealing of the samples reduces the electronic portion of the thermal conductivity by
compensating the dopant level. Annealing of the MW-processed samples increases the PF and reduces
the thermal conductivity, simultaneously.

Figure 6e demonstrates temperature-dependent zT of the nanocomposite (Bi0.17Sb0.83)2Te3-5% glass
samples. An increase in PF, along with a significant reduction in thermal conductivity of SPS-MW-A40,
resulted in considerable improvement in zT (=1.2) at room temperature. Therefore, annealing
has a critical effect on optimizing TE properties of MW-processed (BixSb1−x)2Te3 nanocomposites
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with glass inclusions. Compared to conventional TE materials, SPS-MW-A40 sample demonstrated
~50% reduction in thermal conductivity and 33% improvement in zT at room temperature while
maintaining a similar Seebeck coefficient that enables the application of this material as wearable
power generators and coolers where high contact resistance is involved [39]. In comparison to
the state-of-the-art (BixSb1−x)2Te3 alloys wherein maximum TE properties were obtained at above
100 ◦C [2,6], MW processing helped to achieve the best performance of these alloys at room temperature.
Therefore, these materials are optimum for room temperature applications.
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Figure 6. Comparison of (a) electrical conductivity, (b) Seebeck coefficient, (c) PF, (d) thermal
conductivity, and (e) zT of spark plasma sintering (SPS)-MW-A0, SPS-MW-A3, and SPS-MW-A40
samples. The sample names are defined in Table 2.

Figure 7 represents backscattered SEM images of a cleaved surface of SPS-MW-A40 in two
different magnifications. Backscattered electrons are applied to characterize phase contrast between
areas with dissimilar chemical composition. Atoms with high atomic numbers backscatter electrons
stronger than small atomic number atoms. Therefore, regions with high atomic number atoms look
brighter [40]. In Figure 7a, brighter regions are the Bi-rich phase. A higher magnification image
(Figure 7b) of SPS-MW-A40 shows a layered (BixSb1−x)2Te3 structure with uniformly dispersed glass
inclusions (dark particles). The (BixSb1−x)2Te3 matrix has a layered structure in which the thickness
of each layer is in the range of ~100 nm.
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The optimized p-type (Bi0.17Sb0.83)2Te3-5% glass nanocomposite and commercial n-type material
were used to fabricate a thermoelectric generator (TEG) for a body heat harvesting application
(Figure 8a). The details of a similar device fabrication process are explained elsewhere [39]. Figure 8b
shows a body heat harvester wristband device made from the developed TEG, a heat spreader connected
to body skin, a heatsink on the cold side for efficient heat rejection from the TEG, and a DC–DC boost
converter connected to an LED lamp. As soon as the wristband touches the body’s skin, the LED turns
on, and it remains on as long the device is in contact with body skin. This device generates up to 300 µW
power. Figure 8c,d compares the commercial TEG (from Marlow Industries) with the developed TEG in
this study with the same size and conditions. Compared to the commercial TEG that generates 41 mV,
our TEG made of optimized nanocomposite (BixSb1−x)2Te3 alloy produces 323 mV. This outstanding
achievement enables the usage of TEGs to power future wearable electronic devices.
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Figure 8. (a) Thermoelectric generator (TEG) module made from developed p-type (BixSb1−x)2Te3

nanocomposite and commercial n-type material. (b) A complete device powering an LED using body
heat. (c,d) Comparison of the commercial and the TEG developed in this study on a wristband in
a similar condition.

4. Conclusions

High-performance p-type (BixSb1−x)2Te3 nanocomposites with optimum properties at room
temperature were synthesized for wearable devices. The effect of microwave processing, the addition
of glass inclusion, and annealing was investigated to shift the optimum thermoelectric properties
of (BixSb1−x)2Te3 alloys to room temperature. Different glasses were tested, and it was found that
5% EG2964 Ferro glass (made of Bi, Zn, and B) provides optimum properties at room temperature.
The addition of glass resulted in Seebeck coefficient improvement. Microwave processing, followed
by annealing, enables controlling of the defect and carrier concentration levels. Annealing helped
to minimize thermal conductivity. A zT of 1.2 along with lower thermal conductivity and higher
Seebeck coefficient at room temperature was achieved in the microwave processed (Bi0.17Sb0.83)2Te3-5%
glass sample followed by annealing at 230 ◦C. The thermoelectric generator device made of these
optimized materials provided 300 µW power on a body wearable platform. This study introduces
microwave processing as a new and effective method of synthesizing high-performance p-type
(BixSb1−x)2Te3 alloys.
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