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ABSTRACT

This study explores the fabrication and thermoelectric properties of Sb,Te; and
Bi,Te; thin films prepared using physical vapor deposition (PVD) with synthe-
sized nano powders as source materials. Nano Sb,Te; and Bi,Te; powders were
synthesized via a hydrothermal method, yielding high-purity nanostructures
with hexagonal crystal structures, as confirmed by X-ray diffraction (XRD). The
nano powders were deposited onto substrates to create thin films approximately
100 nm thick, with scanning electron microscopy (SEM) confirming uniform
morphology. Thermoelectric characterization revealed a Seebeck coefficient of
192 uV/K for Sb,Te; at room temperature, which increased to 380 pV/K after
annealing. Bi,Te; exhibited an n-type Seebeck coefficient of — 45 uV/K, which
improved to - 170 uV/K with annealing. Resistivity measurements demonstrated
distinct electrical transport mechanisms for both materials, with Sb,Te; exhibit-
ing metallic-like behavior at lower temperatures and Bi,Te; showing thermally
activated conduction. The complementary thermoelectric properties of Sb,Te;
and Bi,Te; highlight their potential for use in high-efficiency p—n junction ther-
moelectric devices.
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efficiency within intermediate temperature ranges,
where they exhibit desirable properties such as excel-
lent electrical conductivity, low thermal conductivity,
and a substantial Seebeck coefficient—traits critical to

1 Introduction

Thermoelectric materials have garnered significant
interest for their ability to directly convert thermal

energy into electrical energy, offering promising appli-
cations in sustainable energy generation. These materi-
als are particularly valuable for waste heat recovery,
powering small-scale electronics, and contributing to
green energy solutions, as they reduce reliance on tra-
ditional fossil fuels [1-5]. Among thermoelectric mate-
rials, bismuth telluride (Bi,Te;) and antimony telluride
(Sb,Te;) stand out due to their high thermoelectric
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efficient thermoelectric performance [6-11].

In recent years, the nano structuring of thermoelec-
tric materials has been shown to significantly improve
their performance by enhancing the thermoelectric
figure of merit (ZT) through phonon scattering and
reduced lattice thermal conductivity [12-14]. This has
led to the exploration of nano-scale thin-film forms of
Bi,Te; and Sb,Te;, where quantum confinement effects
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contribute to improved charge carrier transport prop-
erties [11, 15]. Various deposition techniques, includ-
ing molecular beam epitaxy (MBE), chemical vapor
deposition (CVD), and physical vapor deposition
(PVD), have been employed to fabricate these nano-
structured films [2, 16]. Each technique presents dis-
tinct advantages; for instance, MBE offers high crystal-
linity [17], while CVD allows for large-area deposition.
PVD, in particular, is advantageous due to its rela-
tively simple setup, precise thickness control, and abil-
ity to yield high-purity thin films.

Previous studies have investigated the thermoelec-
tric properties of Bi,Te; and Sb,Te; PVD derived thin
films [6, 18, 19]. For example, Hong et al. demonstrated
the 500 nm-thick Sb,Te; films deposited onto SiO2/Si
substrates with Seebeck coefficient of 283 uV/K after
annealing at room temperature [6]. Similarly, Wanarat-
tikan et al. reported that PVD-derived Sb,Te; films
exhibited improved thermoelectric properties when
synthesized with optimized nano powders, showing
a substantial reduction in thermal conductivity due to
grain boundary scattering [8]. Kim et al. showed the
effect of annealing on the thermoelectric properties of
both Bi,Te; and Sb,Te; thin films [20]. They found a
power factor of 1600 uW/K*m for Sb,Te; and around
700 uW/K?m for Bi,Te,. similar strategy of using
nanostructure composites was highlighted by Kumar
et al. [21], where Sb,Te;/ZnTe nanostructure compos-
ites achieved a notable improvement in thermoelectric
properties. For Zn,.sSb1.5Tes composites, the Seebeck
coefficient and electrical conductivity increased simul-
taneously due to the variable range hopping transport
mechanism, achieving a power factor of 33 uW/mK? at
425 K. In another study polyaniline-Bi-Sb—Te-Se thin
films were fabricated by electrodeposition and elec-
trochemical reaction method and the highest obtained
seebeck coefficient was about 30 uV/K [22]. In 2023,
Thaowonkaew et al. [23] fabricated Ag-doped SbTe
thin film by RF magnetron sputtering technique and
the maximum obtained power factor was 4600 uW/
mK? Recently, Cheng et al. [24] used PECVD tech-
nique to study the effect of diffusion on thermoelec-
tric properties of Bi,Te;. They found Cu atoms diffuse
into the Bi,Te; film, forming Cu__,Te intermetallic
compounds on the surface, while Ni atoms penetrate
approximately 50 nm into the Bi, Te; layer. Long-term
aging leads to a decrease in the power factor of Ni/
Bi,Te;/Ni samples, attributed to the conversion of
n-type Bi,Te; to p-type due to the formation of Bi-Te
antisite defects. In contrast, Cu diffusion in Cu/Bi,Te,/
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Cu samples significantly mitigates the PF degradation
during extended aging. The maximum power factor
obtained was about 370 pW/sz.

Group IV materials, such as S5iGe and GeSn, have
also been extensively studied for thermoelectric appli-
cations [25, 26]. However, these materials often exhibit
higher thermal conductivity and limited efficiency
at low temperatures. For instance, SiGe nanowires
achieve power factors exceeding 2000 uW/mK? at
elevated temperatures (>400 K) but lack efficiency
in intermediate temperature ranges. Moreover, thin
films offer several advantages over nanowires, includ-
ing easier integration into devices, greater mechani-
cal robustness, and enhanced control over material
properties, making them more practical for scalable
applications.

This study investigates the fabrication and ther-
moelectric properties of Sb,Te; and Bi,Te; thin films
prepared via PVD using synthesized nano powders.
The nano powders, synthesized through a hydro-
thermal method, enabled the deposition of uniform,
high-purity thin films, as confirmed by SEM analy-
sis. Thermoelectric characterization revealed a sig-
nificant improvement in the Seebeck coefficient and
power factor for Sb,Te; thin films, reaching 380 uV/K
after annealing, while Bi, Te; exhibited complementary
n-type behavior with -170 uV/K seebeck coefficient
after annealing. The results highlight the role of nano
structuring, annealing, and precise deposition tech-
niques in achieving high-performance thermoelectric
materials. This research provides a scalable and cost-
effective pathway for developing advanced thermo-
electric materials suitable for energy harvesting and
thermal management applications.

2 Experimental method

The synthesis of Sb,Te; and Bi,Te; nano powders was
conducted using a hydrothermal method designed to
achieve high purity and controlled particle size. For
the preparation of Sb,Te;, a solution of 0.55 mmol
ethylenediaminetetraacetic acid (EDTA) was first dis-
solved in 5 mL of distilled water under continuous
magnetic stirring. Subsequently, 40 mL of ethanol
was added, and the solution was stirred for 10 min to
ensure homogeneity. After this, 5 mmol of SbCl; was
introduced and allowed to dissolve completely, fol-
lowed by the addition of 7.5 mmol of Te powder and
10 mmol of NaBH,. The resulting mixture was stirred
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for an additional 20 min and then transferred into a
nitrogen-filled glove box to maintain an inert environ-
ment. The reaction proceeded at 200 °C for 24 h, after
which it was allowed to cool to room temperature. The
resulting black precipitates were collected, filtered,
and washed with distilled water, ethanol, and acetone
to remove any impurities, then air-dried under a nitro-
gen atmosphere to prevent oxidation.

The synthesis of Bi,Te; followed a similar proto-
col, with BiCl; replacing SbCl; as the starting reagent.
Using the same reaction conditions ensured consist-
ency in the particle size and purity of both materials.
BiCl; was dissolved along with Te powder and NaBH,
in the same inert, high-temperature environment. This
consistent synthesis approach allowed for uniform-
ity in the properties of the resulting nano powders,
facilitating a controlled comparison of thermoelectric
performance in subsequent experiments.

The prepared Sb,Te; and Bi,Te; nano powders were
then utilized as source materials for thin film deposi-
tion via physical vapor deposition (PVD). The deposi-
tion was carried out in a high-vacuum chamber with a
base pressure of 2 x 107 Torr, using tungsten boats to
heat the nano powders to evaporation. A clean glass
substrate was selected and heated to 150 °C, enhanc-
ing the adhesion and quality of the resulting films.
For the deposition of Sb,Te;, the nano powder was
first subjected to a 12-h vacuum environment at a
working pressure of 6 x 10~ Torr to ensure uniform
evaporation. The evaporation rate was carefully main-
tained at 20 A/s, achieving a target film thickness of
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approximately 100 nm. The Bi,Te; deposition followed
the same conditions as Sb,Te;, with similar thickness
and surface morphology control, ensuring comparable
films for analysis.

Once the deposition was complete, the thermoelec-
tric properties of the Sb,Te; and Bi,Te, thin films were
characterized. Measurements of the Seebeck coeffi-
cient, electrical conductivity, and specific resistivity
were performed to assess the thermoelectric perfor-
mance. Structural and surface morphology analyses,
including X-ray diffraction (XRD) and scanning elec-
tron microscopy (SEM), confirmed the composition,
crystallinity, and homogeneity of the films. These anal-
yses provided insights into the quality of the films and
their potential for thermoelectric applications, aligning
with the study’s objective of exploring effective fabri-
cation methods for high-performance thermoelectric
materials.

3 Results and discussion

The X-ray Diffraction (XRD) analysis of the Sb,Te;
nano powder confirmed a hexagonal structure, with
prominent diffraction peaks observed at 28°, 39°, and
52°, indexed to the (015), (1010), and (205) planes as
shown in Fig. 1a. These align well with the reported
crystallographic data for Sb,Te;, confirming the syn-
thesized material’s phase purity and crystal integrity.
The lattice parameters a = 30.451 A and ¢ = 4.262 A
are consistent with established literature values, and
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Fig. 1 XRD diagram of a Sb,Te; nano powder, b Bi,Te; nano powder
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the average grain size, calculated to be around 50 nm
using the Scherrer equation (Eq. 1), is in the desired
nano-range. The X-ray diffraction pattern related to
Bi,Te; nanoparticles in the range of 10 <20 <70, is
shown in Fig. 1b. According to the diffraction pattern,
the hexagonal crystal structure of the Bi,Te; phase
with parameters a=b=4.385 A and c=30.483 A and
space group R3m is observed, as indicated in the fig-
ure. The reference peaks corresponding to the planes
[015], [110], and [201] with 20 values of 27.55, 37.92,
and 45.10, respectively, indicate the presence of the
Bi,Te; phase in the material [27].
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The crystallite size (D) is calculated using the Scher-
rer equation, where D represents the size of crystalline
domains, measured in nanometers (nm). The shape
factor (K) is a dimensionless constant, often set to 0.89
or 1, depending on the assumed shape of the crys-
tallites which here assumed to be a unity. The X-ray
wavelength (A =0.15 nm) is a known constant. The
full width at half maximum (f) is the peak broaden-
ing measured in radian. Finally, the Bragg angle (0) is
the diffraction angle corresponding to the peak.

To find average gain size the Eq. 2 was used:

2D;-1)
<D>weighted = Z—Iz (2)

Which [; is relative intensity. With the standard
deviation of Eq. 3:

2
GD:”Z@# 3)

This nano-scale grain size is crucial because it
directly impacts the material’s ability to enhance
phonon scattering at grain boundaries, significantly
reducing the lattice component of thermal conduc-
tivity. Phonons, which are the primary carriers of
thermal energy in solids, encounter increased resist-
ance at the numerous grain boundaries introduced
by the nano-sized grains. This scattering mechanism
disrupts the heat flow, effectively lowering thermal
conductivity while maintaining favorable electronic
transport properties, which is critical for optimiz-
ing the thermoelectric properties [28]. The reduction
in thermal conductivity without adversely affecting
electrical conductivity or the Seebeck coefficient is a
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Table 1 Crystallite size of Sb,Te; calculated using the Scherrer
equation for different XRD peaks

hkl Cos(d) B

Intensity (cps) Grain size (nm)

015 0.97 0.0034 100 45.48
1010  0.94 0.0034 55 46.9
0111 0.94 0.0034 30 46.9
110 0.93 0.0021 25 76.8
205 0.90 0.0027 14 61.7

Table 2 Crystallite size of Bi,Te; calculated using the Scherrer
equation for different XRD peaks

hkl Cos(@ P

Intensity (cps)  Grain size (nm)

015 0.97 0.0048 100 3222
1010 0.95 0.0048 57 32.89
110 0.94 0.0034 35 46.93
205 0.91 0.0082 19 20.10

key advantage of nano-scale engineering, enabling
improved thermoelectric efficiency. Numerous stud-
ies have reported that reducing grain size to the
nano-scale enhances thermoelectric performance in
materials due to enhanced phonon scattering [29, 30].
Tables 1 and Table 2 show crystallite size of Sb,Te;
and Bi,Te; calculated using the Scherrer equation for
different XRD peaks, respectively. So the crystalline
size for Sb,Te; is (D) = 50.53nm + 8.99nm, and for
Bi,Te; is (D) = 33.75nm + 5.93nm.

Following physical vapor deposition (PVD), SEM
imaging of the Sb,Te;, Bi,Te; thin films revealed a
highly uniform surface with grain sizes in the 50-100
nm range as shown in Fig. 2. This homogeneity in
morphology can be attributed to using nano-struc-
tured Sb,Te;, Bi,Te; powder as the precursor, which
promotes consistent, fine-grained deposition. This
uniformity across the film’s surface is advantageous
for optimizing electrical properties and further sup-
ports the scalability of this method for multi-layer
device applications.

The Seebeck coefficient for the Sb,Te; thin film,
measured in a differential temperature setup, was
found to be 195 uV/K at room temperature without
annealing. This value aligns well with high-qual-
ity Sb,Te; thin films fabricated using alternative
advanced methods, indicating the suitability of the
PVD process with synthesized nano powders for
producing competitive thermoelectric materials.
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Fig.2 SEM images of a Sb3Te3 thin film, b Bi,Te; thin film
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Fig. 3 Seebeck coefficient of Sb,Te; as a function temperature in
hot side of the thin film

Upon annealing for one hour at 150°C, the Seebeck
coefficient increased to 380 uV/K. This increase is pri-
marily attributed to the annealing-induced enhance-
ment of grain boundary quality, which reduces
defect states that typically act as scattering centers
for charge carriers. This reduction in carrier scat-
tering leads to improved carrier mobility, allowing
higher-energy carriers to contribute more effectively
to the thermoelectric voltage. The positive Seebeck
coefficient confirms p-type conductivity, where holes
dominate charge transport. Temperature-dependent
measurements of the Seebeck coefficient for Sb,Te;
revealed a sharp decrease from approximately 195
uV/K to around 165 uV/K at Ty, =50 °C, as shown
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in Fig. 3. This initial drop is likely due to increased
phonon-electron scattering at elevated temperatures.
Phonon-electron interactions become significant as
the phonon population increases with tempera-
ture, reducing the energy gradient among carriers
and consequently lowering the Seebeck coefficient.
Beyond T, =50 °C the Seebeck coefficient stabilizes,
forming a plateau up to T}, =100 °C. This stabiliza-
tion indicates a thermal equilibrium point where the
generation of charge carriers due to thermal exci-
tation balances the loss of thermoelectric potential
caused by scattering mechanisms. Such behavior is
characteristic of materials with well-optimized car-
rier densities, where competing effects stabilize per-
formance over a certain temperature range.

In contrast, Bi,Te; thin films, known for their n-type
conductivity, exhibit a Seebeck coefficient of — 45 uV/K
under similar conditions. This negative value reflects
electron-dominated transport. After annealing at
150 °C for one hour, the Seebeck coefficient improved
to — 170 uV/K, highlighting the role of annealing in
optimizing carrier concentration and energy filtering.
Energy filtering occurs when grain boundaries selec-
tively scatter lower-energy electrons while allowing
higher-energy electrons to contribute to electrical con-
duction, effectively increasing the Seebeck coefficient.

The temperature dependence of the Seebeck coef-
ficient for Bi,Te; before annealing, shown in Fig. 4,
starts at approximately 52 uV/K, peaking at around
56 uV/K at T, = 40 °C, before gradually decreasing
with increasing temperature. By Ty, = 160 °C, the
coefficient drops to approximately 45 uV/K. This
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Fig. 4 Seebeck coefficient of Bi,Te; as a function of temperature
in hot side of the thin film

steady decline reflects increased phonon scattering
and reduced carrier mobility at higher temperatures.
Unlike Sb,Te;, Bi,Te; does not exhibit a plateau or
recovery phase, suggesting a linear decrease in ther-
moelectric efficiency with temperature. This behav-
ior indicates Bi,Te;’s efficiency is better suited for
lower temperature environments, where phonon
scattering is less significant and carrier transport is
more efficient.

The complementary behaviors of Sb,Te; and Bi,Te;
highlight their potential in p—n junction thermoelectric
devices. When paired, the p-type Sb,Te; and n-type
Bi,Te; enable a balanced energy conversion mecha-
nism, as their opposing Seebeck coefficients create a
strong thermoelectric voltage gradient. This pairing
is particularly advantageous for achieving high effi-
ciency in thermoelectric modules, where the thermal
and electrical characteristics of the materials comple-
ment each other across a broad temperature range.

Figure 5 compares the Seebeck coefficients of Sb,Te;
and Bi,Te; as a function of annealing temperature. For
Sb,Tes, the Seebeck coefficient begins at approximately
150 uV/K and steadily increases with higher annealing
temperatures, reaching around 380 uV/K at the high-
est annealing temperature. Similarly, Bi,Te; shows
a consistent increase from approximately 50 uV/K
to about 200 uV/K. This significant improvement in
thermoelectric performance is attributed to several
interconnected physical mechanisms influenced by
the annealing process. Annealing plays a crucial role

@ Springer

J Mater Sci: Mater Electron (2025) 36:218

T T T r 200

400 |
e 2
< . m 3
Z30r {150 2
o . -
ks 5
G 300 | 0
E £
3 3
3 4100 S
~ 250 | x
(5]
9 @
@ o
g 2 Sb2T63 [}
(7]

.| .
2 200 - = Bi,Te, ls @

L 2

150 . : : :
0 50 100 150

Temperature (°C)

Fig. 5 Seebeck coefficient as a function of annealing tempera-
ture

in reducing defects such as point defects, dislocations,
and grain boundary irregularities that hinder charge
carrier mobility [31]. These reductions enable carri-
ers to transport more freely, directly enhancing the
thermoelectric voltage generated per unit temperature
difference [15]. For Sb,Te;, the improved transport of
high-energy holes enhances the p-type Seebeck coef-
ficient, while in Bi,Te;, similar mechanisms optimize
electron transport, refining its n-type performance.
The annealing process also adjusts carrier concentra-
tions by modifying defect states that contribute to
donor or acceptor levels. This rebalancing ensures
an optimized interplay between carrier density and
mobility, further boosting the Seebeck coefficient in
both materials. Additionally, annealing enhances
crystallinity by promoting recrystallization, which
improves long-range order within the films [32, 33].
This reduces phonon-electron interactions that typi-
cally hinder thermoelectric performance, allowing for
more efficient energy transport. Another significant
factor is the refinement of grain boundaries, which
strengthens energy filtering [28]. Well-defined grain
boundaries selectively scatter low-energy carriers
while permitting high-energy carriers to contribute
to electrical conduction, thereby increasing the See-
beck coefficient. Moreover, annealing introduces
non-coherent grain boundaries that scatter phonons
effectively, reducing lattice thermal conductivity while
maintaining electrical transport properties [34]. This
combination contributes to a higher thermoelectric
performance.
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Electrical conductivity, assessed using a two-probe
method, yielded a specific resistivity of 43.054 u{-m,
translating to an electrical conductivity of 28 x 103 S/m
at 25 °C for Sb,Te; and 26.355 pQ-m, 37 x 10% S/m for
Bi,Te; respectively. Figure 6 depicts the natural loga-
rithm of resistivity as a function of temperature. For
Sb,Te;, the resistivity initially decreases slightly with
increasing temperature up to approximately 150°C,
indicating metallic-like behavior or thermally acti-
vated carrier transport. Beyond 200°C, the resistiv-
ity increases sharply, likely due to enhanced phonon
scattering or structural degradation at higher tempera-
tures. In contrast, Bi,Te; exhibits a consistent decrease
in resistivity over the entire temperature range, from
approximately 20 °C to 180 °C, suggesting a thermally
activated conduction mechanism where the carrier
concentration or mobility improves with temperature.
The overall behavior of these materials highlights their
distinct electrical transport mechanisms, with Sb,Te;
showing a transition at elevated temperatures, while
Bi,Te; demonstrates a more stable decrease in resistiv-
ity, making it potentially more suitable for applica-
tions requiring consistent electrical performance over
a broader temperature range.

The power factor (PF) as shown in Eq. 4 of Sb,Te;
and Bi,Te, thin films reached 850 pW/mK? and
100 uW/mK? at room temperature respectively, a
competitive value for thermoelectric applications.
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Where in this equation « is seebeck coefficient and
o is the conductivity. The power factor of the thin
film samples as a function of temperature is shown in
Fig. 7. This peak performance at ambient conditions
is particularly promising for low-temperature energy
conversion applications. The high Seebeck coefficient
coupled with moderate conductivity, attributed to
the nano-scale grain size and uniform film structure,
contributes significantly to this favorable power fac-
tor. Comparatively, Bi,Te; films often show a slightly
lower power factor due to their n-type characteristics,
but they effectively complement the high Seebeck coef-
ficient of enhancing overall thermoelectric efficiency
in combined applications.

PF = o6 4)

To better understand the thermoelectric perfor-
mance of the synthesized Sb,Te; and Bi,Te; materials,
their Seebeck coefficient, power factor, and fabrication
methods have been compared with those reported in
the literature recently. Table 3 provides a summary of
these key parameters, highlighting the advantages of
the physical vapor deposition (PVD) method used in
this work. The comparison underscores the potential
of our approach to achieve competitive thermoelec-
tric properties, emphasizing the suitability of nano-
engineered materials for advanced thermoelectric
applications.

3-35 L} L] L] L] Ll Ll T L] L]
330} A
< 325} |
=
-
3.20 } |
315} .
0 20 40 60 80 100 120 140 160 180 200

T(°C)

Fig. 6 Natural logarithm of resistivity as a function of temperature for Bi,Te; and Sb,Te; thin films
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Fig. 7 Power Factor as a
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Table 3 Comparison Material Fabrication method Seebeck coefficient References Year
of recent works on
. . (LV/K)
Thermoelectric materials
Sb,Te, PVD 380 - -
Bi,Te, PVD 170 - -
Sb,Te, RF magnetron 400 [35] 2022
Ni/ Sb,Te,/Ni RF magnetron 400 [35] 2022
Bi,Te, Electrochemical 20 9] 2020
Te.05AS) 02 Ball mill + Hot press 350 [36] 2020
Au-Sb,Te; Hydrothermal 120 [37] 2025
Sb,Te;-MWCNT - 60 [38] 2023

4 Summary

The manuscript investigates the fabrication and
thermoelectric properties of Sb,Te; and Bi,Te; thin
films prepared via physical vapor deposition (PVD)
using synthesized nano powders. Nano Sb,Te; and
Bi,Te; powders were synthesized using a hydro-
thermal method and characterized to confirm their
hexagonal crystal structure and nano-sized grains.
These powders were used to deposit thin films with
thicknesses of approximately 100 nm. Structural
and surface morphology analysis (XRD and SEM)
confirmed the phase purity, crystallinity, and uni-
formity of the films. The thermoelectric properties,

@ Springer

including Seebeck coefficient, electrical conductivity,
resistivity, and power factor, were thoroughly char-
acterized. The Sb,Te; thin films demonstrated a high
Seebeck coefficient of 192 uV/K at room temperature,
which improved to 380 uV/K upon annealing. The
power factor for Sb,Te, reached 850 uW/K*m, show-
casing its potential for thermoelectric applications. In
contrast, Bi,Te; exhibited an n-type behavior with a
lower Seebeck coefficient of — 45 uV/K at room tem-
perature, increasing to — 170 uV/K after annealing
and the power factor at room temperature measured
to be 100 uW/mK?. The resistivity trends highlighted
distinct electrical transport mechanisms: Sb,Te; dis-
played metallic-like behavior at lower temperatures,
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while Bi,Te; showed a consistent decrease in resis-
tivity with temperature, reflecting thermally acti-
vated conduction. The complementary thermoelec-
tric characteristics of Sb,Te; and Bi,Te; suggest their
potential for use in p-n junctions for high-efficiency
thermoelectric devices. The study demonstrates the
advantages of using PVD with synthesized nano
powders to achieve high-performance thermoelectric
thin films, emphasizing the role of nano structuring,
annealing, and precise deposition techniques.
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