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N-type Bi:Tes-.Ser (x = 0.3, 0.6, 0.7) thermoelectric materials and ball-milled N-type
BizTez.3Seo.s were prepared to investigate their thermoelectric properties. The effects of different
processing methods on the crystal structure, thermoelectric properties, and microstructural
morphology of N-type Bi:Tes thermoelectric materials were investigated. X-ray diffraction
analyses confirmed that all samples exhibited diffraction patterns consistent with the standard
crystal structure. Electrical conductivity decreased with increasing temperature for all samples.
Among them, the ball-milled sample exhibited the highest electrical conductivity of 233 x 103
S‘m™. Thermal conductivity reached its minimum at 310 K for all samples and increased
thereafter with temperature. The ball-milled sample had the lowest thermal conductivity of 1.34
W/m-K. The figure of merit (Z7) increased with temperature for all samples. The ball-milled
sample achieved the highest Z7 of 0.132 at 400 K. It can be suitable for thermoelectric sensor
applications.

1. Introduction

Since the industrial revolution, the global economy has developed rapidly, with countries
heavily relying on nonrenewable energy sources such as coal, oil, and natural gas. However, the
long-term excessive consumption of fossil fuels has led to increased carbon dioxide emissions,
aggravating the greenhouse effect and air pollution, and making global warming increasingly
severe. Although nuclear power generation technology is already mature, safety concerns such
as the Chernobyl and Fukushima nuclear disasters still remain. Consequently, the international
community has been actively seeking alternative energy sources in pursuit of sustainable energy
and environmental protection.

Thermoelectric (TE) materials are capable of directly converting heat into electricity and
vice versa through the thermoelectric effect.! They can be applied in thermoelectric
generators and coolers, offering advantages such as no moving parts, noise-free operation, and
simple structures.>> Currently, TE materials have been widely applied in industrial waste heat
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recovery, automotive exhaust energy utilization, aerospace technology, and wearable electronic
devices. These applications help reduce energy waste and lower carbon emissions. The
advancement of thermoelectric technology will further promote the application of renewable
energy and contribute to achieving global carbon neutrality.©-19)

The basic principle of the thermoelectric effect is that when a temperature gradient occurs
within a material, electrons or holes move from the high-temperature region to the low-
temperature region, generating an electric current or potential difference. Depending on the type
of energy conversion, thermoelectric materials can be divided into power generation type and
cooling type, suitable for different applications. With continuous technological progress, various
high-efficiency TE materials have been developed. Among them, Bi:Tes-based thermoelectric
materials have already been widely used in commercial thermoelectric modules.(!'~13 However,
TE materials still suffer from relatively low conversion efficiency, which limits their large-scale
applications. Therefore, improving the performance of TE materials has become an important
research topic. In this study, Bi-Tes was selected as the base material. By adjusting the Se doping
ratio and applying different processing methods, N-type bismuth telluride thermoelectric
materials were synthesized.1419) The effects on their microstructure, Seebeck coefficient,
thermal conductivity, electrical conductivity, and overall thermoelectric performance were
systematically investigated. We hope to develop a novel and high-performance thermoelectric
material for thermoelectric sensors.

2. Experimental Methods and Materials

In the first part of this study, the fabrication process was carried out using a vacuum induction
melting (VIM) furnace. High-purity elemental blocks (purity > 99.99%) were melted at 650 °C
for 10 min under vacuum. After cooling under vacuum for 30 min, ingots with a diameter of 15
mm and a thickness of 7-8 mm were obtained.

In the ball milling process, the high-purity alloy materials were ground into powders and
then loaded into a planetary ball mill (JinKuo, F-P400) for ball milling at 350 rpm for 1 h. The
milled powder slurry was dried using an evaporator at 45 °C under vacuum. The resulting ball-
milled powders were subsequently placed in the VIM furnace, melted at 650 °C for 10 min, and
cooled under vacuum for 30 min. Ingots with a diameter of 15 mm and a thickness of 7-8 mm
were then obtained.

To verify the alloy composition and phase structure, the samples were first examined by
energy-dispersive X-ray spectrometry (EDS) to confirm the added elements, followed by
structural analysis using an X-ray diffraction (XRD) system. The microstructures of the
materials were further observed by scanning electron microscopy (SEM). The ingot surfaces
were polished to remove oxides, and the samples were cut into rectangular bars with dimensions

of approximately 2 x 2 x 7 mm?

using a low-speed cutter for property measurements.
Thermoelectric properties were characterized using a ZEM-3 system to measure the Seebeck
coefficient, electrical conductivity, and power factor in the temperature range of 300—-400 K.
The thermal conductivity of the materials was measured using a physical property measurement

system (PPMS) within the same temperature range.
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3. Results and Discussion

3.1 XRD analysis

Figure 1 shows the XRD patterns of BizTes-,Se, (x = 0.3, 0.6, 0.7, BM-0.7). Compared with
the standard JCPDS, all N-type samples exhibited diffraction peaks consistent with the reference
pattern, and no obvious impurity phases were detected. As the Se content increased from x = 0.3
to 0.7, the main diffraction peaks (0 1 5), (1 0 10), (1 1 0), and (2 0 5) shifted slightly toward
higher 26 values, indicating a reduction in lattice constant due to Te atoms being substituted by
Se atoms. For the induction-melted samples, the diffraction peaks remained sharp and well-
defined, suggesting an ordered layered crystal structure. In contrast, the ball-milled samples
exhibited broader peaks with reduced intensity, implying smaller grain sizes and lower
crystallinity, likely due to lattice defects.

3.2 Conductivity analysis

Conductivity was measured using the ZEM-3 system. To match the PPMS thermal
conductivity measurements, the temperature range was set between 300 and 400 K, with data
points collected at 10 K intervals.

As shown in Fig. 2, all samples exhibit decreasing electrical conductivity with increasing
temperature, characteristic of degenerate semiconductors. Among the bulk samples, the Se-
doped composition at x = 0.7 achieved the highest conductivity at 199 x 10* S'm™ at 300 K,
suggesting that a higher Se doping level at room temperature improves crystal structure and
carrier concentration. However, as the temperature increased, the sample with x = 0.3 showed a
slower decline in conductivity and maintained higher values than that with x = 0.7, indicating
that a lower Se content provided a higher stability. Sun et al. also reported that in N-type
Bi:Tes.Se,, Te or Se atoms may occupy Bi sites (forming Te-Bi or Se—Bi defects).!7) At higher
Se doping levels, fewer Te—Bi pairs exist, leading to a decrease in carrier concentration.
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Fig. 1.  (Color online) XRD patterns of Bi,Te;_ Se, Fig. 2. (Color online) Relationship of conductivity

and temperature for N-type Bi,Te;_ Se, (x = 0.3, 0.6,
0.7, BM-0.7).

(x=0.3,0.6,0.7, BM-0.7)



3036 Sensors and Materials, Vol. 38, No. 6 (2026)

The ball-milled Bi-Tez.3Seo.» sample showed a significantly higher conductivity than its bulk
counterpart, with a maximum of 233 x 10 S-m™ at 300 K. Even at 400 K, it maintained superior
conductivity with a slower decreasing trend. This improvement is attributed to enhanced mixing
and grain refinement during ball milling, which increases defect concentration, thereby boosting
carrier concentration and electrical conductivity.

3.3 Seebeck coefficient analysis

Figure 3 shows the Seebeck coefficients of Bi.Tes.Se, (x = 0.3, 0.6, 0.7, BM-0.7).03 All
samples exhibit negative values, confirming that they are N-type materials with electrons as
dominant carriers. The Seebeck coefficients of all samples increase with temperature. Among
the bulk samples, the composition with x = 0.3 achieved the highest absolute Seebeck coefficient
of 39 uV/K at 400 K. As the Se content increased to x = 0.7, the overall Seebeck coefficient
decreased, likely due to the inverse relationship between Seebeck coefficient and carrier
concentration. The ball-milled Bi:Tez.3Seo.» sample displayed a much higher Seebeck coefficient
than its bulk counterpart, reaching 52 uV/K at 400 K. This improvement is attributed to grain
refinement caused by ball milling, which increases grain boundary density and enhances energy
filtering at grain boundaries, thereby boosting the Seebeck coefficient.

S=— (1
3.4 Power factor analysis

Figure 4 presents the power factors [see Eq. (1)] of Bi-Tes.Se, (x = 0.3, 0.6, 0.7, BM-0.7).(19
For the bulk samples, the power factor increased with temperature. Among them, Bi>Te2.7Seo.3
exhibited the highest power factor, reaching approximately 2.6 x 10~ W/m-K? at 400 K. This
superior performance is attributed to its relatively high electrical conductivity and favorable
Seebeck coefficient. In contrast, the x = 0.7 sample showed the lowest power factor due to its
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Fig. 3. (Color online) Seebeck coefficient versus
temperature for n-type Bi,Te;_Se, (x = 0.3, 0.6, 0.7,
BM-0.7).

Fig.4. (Color online) Power factor versus
temperature for n-type Bi,Te;_Se, (x = 0.3, 0.6, 0.7,
BM-0.7).
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significantly reduced Seebeck coefficient. The ball-milled Bi.Tez.3Seo.; sample demonstrated a
substantial improvement in power factor compared with its bulk counterpart, maintaining higher
values across the entire temperature range. At 400 K, it reached a maximum of 5.6 x 10
W/m-K2 This enhancement primarily results from microstructural modifications introduced by
ball milling, including increased number of grain boundaries and defect density, which improved
performance without significantly reducing electrical conductivity.

PF = S%0, )
where ¢ is the electrical conductivity.
3.5 Thermal conductivity analysis

Figure 5 shows the thermal conductivity of BizTes-.Se, (x = 0.3, 0.6, 0.7, BM-0.7). In all
samples, the thermal conductivity increased with temperature. Among the bulk samples,
BizTez.3Seo.7 had the highest value of 2.46 W/m'K at 400 K, whereas BizTe2.7Seo.s exhibited the
lowest thermal conductivity of 1.48 W/m-K at 310 K. The higher conductivity of x = 0.7 is
attributed to its larger grain size and fewer grain boundaries, which reduce phonon scattering
and thus limit the suppression of lattice thermal conductivity. In contrast, the ball-milled
Bi.Te2.3Seo.s sample exhibited a significantly lower thermal conductivity than its bulk
counterpart, remaining below all bulk samples across the entire temperature range. It achieved
the lowest thermal conductivity of 1.34 W/m'K at 310 K, confirming that grain refinement and
increased grain boundary scattering caused by ball milling effectively reduced lattice thermal
conductivity.

3.6 Figure of merit (Z7)

Figure 6 shows the dimensionless Z7 [see Eq. (2)] for Bi-TesSe, (x=0.3,0.6, 0.7, BM-0.7).20-22)
For all samples, ZT increased with temperature. Among the bulk samples, BizTe2.7Seo.s achieved
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Fig. 5. (Color online) Thermal conductivity versus Fig. 6. (Color online) ZT versus temperature for
temperature for n-type Bi,Te;_ Se, (x = 0.3, 0.6, 0.7, n-type Bi,Te;_ Se, (x = 0.3, 0.6, 0.7, BM-0.7).
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the highest ZT of 0.058 at 400 K, owing to its relatively high electrical conductivity, favorable
Seebeck coefficient, and lowest thermal conductivity. In contrast, BizTe2.3Seo.; showed the
poorest performance, as its low Seebeck coefficient and high thermal conductivity offset its
good electrical conductivity. The ball-milled Bi.Tez.sSeo.» sample exhibited a significantly higher
ZT than the bulk counterpart, reaching a maximum of 0.132 at 400 K and maintaining a Z7 of 0.1
even at 300 K. This result indicates that ball milling refined the grains, allowing the sample to
achieve high electrical conductivity and Seebeck coefficient while maintaining low thermal
conductivity, thereby enhancing the overall thermoelectric performance.

ZT=S*cTx!, (3)
where o is the electrical conductivity and « is the thermal conductivity.
4. Conclusions

In this study, bulk N-type BizTes-Se, (x = 0.3, 0.6, 0.7) samples and a ball-milled BizTez.3Seo.7
sample were fabricated using a vacuum induction melting furnace. The phase structures, surface
morphologies, thermoelectric properties, and Z7 values of the specimens were systematically
investigated. On the basis of the results, the following conclusions can be drawn:

1. XRD and SEM analyses confirmed that all specimens exhibited diffraction patterns
consistent with the standard reference card. SEM images revealed that all samples had typical
layered structures, with the ball-milled sample showing the densest morphology.

2. Electrical conductivity decreased with increasing temperature for all samples. Among them,
the ball-milled sample exhibited the highest electrical conductivity of 233 x 10* S-m™.

3. The Seebeck coefficient increased with temperature for all the samples. The ball-milled
sample achieved the highest Seebeck coefficient of 52 uV/K.

4. Thermal conductivity reached its minimum at 310 K for all samples and increased thereafter
with temperature. The ball-milled sample had the lowest thermal conductivity of 1.34 W/m-K.

5. ZT increased with temperature for all samples. The ball-milled sample achieved the highest
ZT of 0.132 at 400 K.
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