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Abstract

Antimony telluride (Sb2Tes) thin films were deposited on 1-uym SiO2 / Si-wafer substrates
to a thickness of approximately 250 nm by using pulse-dc magnetron sputtering method,
and their thermoelectric (TE) properties were evaluated. This study examined the impact
of post-annealing at 250°C under vacuum, argon (Ar), and nitrogen (N2) atmospheres on
the thermoelectric (TE) properties. The surface morphology, crystalline structure, and
atomic composition were analyzed for both as-deposited and post-annealed thin films
using field emission scanning electron microscopy (FE-SEM), grazing incidence X-ray
diffraction (GI-XRD) and energy dispersive X-ray spectroscopy (EDS), respectively. The
results revealed that post-annealing significantly influenced the thin film structure,
enhancing the Sb2Tes crystal orientations, particularly the (015) and (1010) peaks.
Additionally, Hall effect measurement performed after post-annealing confirmed the
electrical properties of all samples, providing further understanding of their electrical
properties. For the thermoelectric (TE) properties, low temperature Seebeck coefficient
analysis confirmed the p-type character of Sb2Tes. The argon post-annealed sample
exhibited the highest Seebeck coeefficient of 1.0 x 10 V/K, corresponding to a maximum
power factor (PF) of 4.40 x 10* W/m K-=2. The results clearly show that post-annealing
temperature directly affected both the electrical and thermoelectric characteristics.
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1. Introduction

In recent years, environmentally friendly, portable, and wearable electronic devices
capable of self-generating electrical power have attracted significant attention (Wang et al.,
2020; Zhang et al.,2021). These devices offer considerable advantages for advancing the
Internet of Things (IoT) ecosystem and wearable technology applications (Lopera et al.,
2016; Dunham et al., 2018). Among various energy-harvesting approaches, microscale
thermoelectric generators (WUTEGs) based on thin-film technologies have emerged as a
promising solution due to their compact size, flexibility, and ability to convert body or
ambient heat into electricity (Dunham et al., 2018; Snyder et al., 2021). The performance
of thermoelectric (TE) materials is generally evaluated using the dimensionless figure of
merit, ZT, defined as ZT = (S20T)/k and power factor; PF = S20, where S is the Seebeck
coefficient (V/K), o is the electrical conductivity (S/m), T is the absolute temperature (K),
and k is the thermal conductivity (W/m-K) (Jiang et al., 2021, Tan et al., 2021).

A great deal of research has been devoted to the development of TE materials
with enhanced ZT values, and various compounds such as Bi2Tes (Chung et al., 2000),
Si,Ge,Sn (Lan et al., 2010), PbTe/PbS (Li et al., 2013), SnTe (Moshwan et al., 2017), and
Sbh2Tes (Hong et al., 2014) have been reported as promising candidates. It is well
established that the most efficient TE materials for room-temperature applications are
narrow band-gap semiconductors (Eg < 0.2 eV at room temperature) (Hong et al., 2014).
Among these, Sb2Tes is widely recognized as a favorable p-type thermoelectric material,
owing to its high ZT value at room temperature and narrow band-gap energy (~0.14 eV)
(Olson et al., 2006). These properties make Sb2Tes an attractive choice for U TEGs. Sb2Tes
thin films have been fabricated using various techniques, including thermal evaporation
(Zou et al., 2001), magnetron sputtering (Kim et al., 2006), pulsed laser deposition (Giani
et al.,1999), and metal-organic chemical vapor deposition (Makala et al., 2003). Among
these methods, magnetron sputtering is widely used for commercial thin-film deposition
due to its process stability, reproducibility, and high efficiency, which enable the production
of high-quality films (Lee et al., 2012). However, a common limitation of the sputtering
technique is its low ionization efficiency, which often leads to poor crystallinity and reduced
electrical performance in as-deposited films.

To overcome these limitations, previous studies have employed post-annealing
treatments in different atmospheres such as vacuum (Fan et al., 2010), nitrogen (N2) (Fang
et al., 2013), and argon (Ar) (Hong et al., 2014) following deposition. These treatments aim
to enhance the film's stoichiometry and thermoelectric performance (Fang et al., 2013).
Despite these efforts, a comprehensive and systematic comparison of the effects of
different annealing atmospheres on the structural and thermoelectric properties of Sb2Tes
thin films has not yet been fully explored in the literature.

In this study, we systematically investigate the effects of post-annealing in three
different atmospheres vacuum, N2, and Ar on the properties of Sb2Tes thin films deposited
by pulse-dc magnetron sputtering onto SiO2 substrate. The aim is to explore how each
annealing environment influences the microstructural characteristics, electrical
conductivity, and thermoelectric performance of the films. A deeper understanding of these
effects is crucial for optimizing the fabrication process and improving the overall
performance of SbzTes thin films for future thermoelectric (TE) applications, particularly in
compact and energy-harvesting devices.
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2. Materials and Methods
2.1 Materials and Methods

Sb2Tes thin films were fabricated using the pulse-dc magnetron sputtering method (ATC
2000-F, AJA International, Inc.). The deposition was caried out on 1-um SiO2 / Si-wafer
substrates using a Sb:Te; 2:3 ratio target of 99.99% purity with 2-inch diameter and 0.25-
inch thickness. Sputtering was performed under a base pressure of 5.0 x 10¢ mbar and a
working pressure of about 3.0 x 103 mbar using argon gas (99.999%) at flow rate of 20
sccm. The pulsed-dc sputtering power of the Sb.Tes target was fixed at 25 W. The
deposition time was maintained for 35 min with thin film deposited to a thickness of
approximately 250 nm. After fabrication, the as-deposited thin films were annealed at
temperature 250°C for 30 min under different atmospheric conditions, which were vacuum
annealing under pressure of 3.0 x 102 mbar, argon annealing, and nitrogen annealing
(99.999%) under pressure of 1.0 x 10-' mbar. This post-annealing process was carried out
to investigate the influence of annealing environment on the structural and thermoelectric
properties of the Sb2Tes thin films.

2.2 Characterizations

The surface morphologies, crystalline structure, and chemical composition of all Sb2Tes
thin films conditions were investigated by field emission scanning electron microscope (FE-
SEM; Hitachi SU8030), grazing Incidence X-ray diffraction (GI-XRD; TTRAX IlI-Rigaku)
and energy dispersive spectroscopy (EDS), respectively. Moreover, the carrier
concentration (n), mobility (u), and electrical resistivity (p) were investigated by Hall effect
measurement (HMS-3000, Ecopia) using a magnetic field of 0.55 T at room temperature.
Finally, electrical resistivity (p), Seebeck coefficient (S), and power factor (PF) of the
Sb2Te3 thin films annealed in all atmospheres were measured by a ZEM-3 apparatus
(Advance Riko) under an applied temperature range of room temperature to 200°C.

3. Results and Discussion

Figure 1 shows the FE-SEM images of the Sb2Tes thin films deposited by pulse-dc
magnetron sputtering and the as-deposited sample with films post-annealed at 250°C in
different atmospheres (vacuum, Nz, and Ar) were compared. From the top-view SEM
images, the as-deposited film exhibits densely packed, fine grains, while all post-annealed
samples display slightly coarser grains with increased intergranular spacing. This
morphological evolution suggests grain growth and microstructural reorganization induced
by the annealing process (Hong et al., 2014). The cross-sectional SEM images show that
all films have relatively similar thicknesses. The as-deposited film has a thickness of 263+5
nm, and a slight decrease in thickness is observed for all annealed films regardless of the
annealing atmosphere. This reduction may be attributed to film densification and atomic
rearrangement resulting from the thermal treatment (Zheng et al., 2013; Thaowonkaew et
al., 2021). The crystallinity of the Sb2Tes thin films, both as-deposited and post-annealed
in three different atmospheres, was investigated using grazing incidence X-ray diffraction
(GI-XRD), as shown in Figure 2. The XRD patterns confirm the formation of a
polycrystalline Sb2Tes phase in all samples, with the main diffraction peaks corresponding
to the (015) and (1010) planes located at 28 values of 28.24° and 38.29°, respectively.
These reflections are consistent with the rhombohedral crystal structure of Sb2Te3
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(JCPDS No. 15-0874) (Takayama & Takashiri, 2017). The as-deposited film exhibits
relatively broad and low-intensity peaks, indicative of poor crystallinity. Upon post-
annealing, the diffraction peaks become sharper and more intense, particularly for the
sample annealed in argon, suggesting a significant enhancement in crystallinity. This
improvement can be attributed to the increased thermal energy provided during annealing,
which facilitates atomic diffusion, grain agglomeration, and structural reordering into a more
crystalline phase (Duan & Jiang, 2010; Liu et al., 2015; Somdock et al., 2019). Among the
annealed samples, the film treated in argon exhibits the most pronounced (015) peak,
indicating a preferred orientation along this plane and superior crystallinity compared to
those annealed in vacuum and nitrogen.
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Figure 1. FE-SEM images of SbzTes thin films (a) as-deposited, (b-d) post-annealed in
in vacuum, nitrogen, and argon atmospheres, respectively
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Figure 2. The crystallinity by XRD of Sb2Tes thin films, both as-deposited and post-
annealed in all atmospheres
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As shown in Figure 3, energy-dispersive X-ray spectroscopy (EDS) was employed
to analyze the elemental composition of Sbz2Tes thin films in both the as-deposited state
and after post-annealing in various atmospheres. Figure 3(a) displays the EDS spectra,
which clearly shows the presence of Sb and Te as the primary elements, as expected.
Peaks corresponding to Si from the underlying silicon substrate were also detected in all
samples, along with Al, which originates from the supporting stage used during analysis.
Additionally, C and O signals were observed across all spectra, attributed to surface
contamination and partial oxidation of the film surface during or after deposition (Chaiwas
et al., 2024). The atomic composition (at%) results are summarized in Figure 3(b). The as-
deposited film exhibited an Sb content of 35.23%, which increased slightly after post-
annealing in all atmospheres, ranging from 36.71% to 39.83%. In contrast, the Te content
showed a corresponding decrease from 64.76% in the as-deposited film to 60.16% after
annealing. This trend is consistent with previous studies and is attributed to the re-
evaporation of the more volatile Te element during the annealing process, particularly at
elevated temperatures (Zheng et al., 2013). In addition, the calculated Sb/Te atomic ratios
were found to be 0.54 (as-deposited), 0.66 (vacuum-annealed), 0.58 (Ar-annealed), and
0.64 (N2-annealed), respectively. These results indicate that annealing leads to a
composition closer to the stoichiometric ratio (Sb:Te = 2:3), suggesting improved film
quality and better control over elemental balance through post-annealing treatments.

The electrical properties of the Sb2Tes thin films were, haracterized using Hall
effect measurements, as presented in Figure 4. The measured pgr meters included carrier
concentration (cm3), carrier mobility (cm2/V-s), and electrical resistivity (Q-cm). As shown
in Figure 4(a), the carrier concentration of the as-deposited film was relatively low,
approximately 1.10 x 108 cm3, but increased significantly after post-annealing, reaching
values in the range of 1.60 to 2.00 x 108 cm3. This increase is attributed to changes in
atomic composition caused by thermal annealing, consistent with previous studies
(Takayama & Takashiri, 2017). The enhancement in carrier concentration also contributed
to a marked improvement in carrier mobility, which increased from 2.40 cm?/V-s in the as-
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Figure 3. (a) The EDS spectra of Sb2Tes both as-deposited and post-annealed condition
and (b) atomic composition of Sb and Te value in all.
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deposited sample to as high as 29.0 cm?/V-s in the post-annealed films. Figure 4(b)
illustrates the corresponding change in electrical resistivity, which decreased significantly
following annealing. The as-deposited film exhibited a resistivity of 6.0 x 102 Q-cm, which
dropped to 3.40 — 3.20 x 103 Q-cm after annealing in all atmospheres. This reduction in
resistivity can be attributed to the improved crystallinity and increased carrier mobility
achieved through thermal treatment, leading to enhanced electrical transport properties
(Rimoldi et al., 2021).

Finally, the thermoelectric properties including electrical resistivity (Q/m), Seebeck
coefficient (V/K), and power factor (W/m-K2) were evaluated using a ZEM-3 system over
the applied temperature range of 50-200°C, as shown in Figure 5. In Figure 5(a), the film
annealed in argon atmosphere exhibits remarkably stable resistivity, maintaining a value
of approximately 2.40 x 10 Q/m across the entire temperature range. In contrast, the
resistivity of the films annealed in vacuum and nitrogen shows a decreasing trend with
increasing temperature, which is typical semiconductor behavior. The stable resistivity after
argon annealing results from the amorphous-to-crystalline transition, which reduces defect
density and charge carrier scattering. Enhanced crystallinity and fewer vacancy-related
scattering centers collectively stabilize the electrical transport behavior (Snyder & Toberer,
2008; Goldsmid, 2010; Prainetr et al., 2020). As shown in Figure 5(b), the Seebeck
coefficient (S) for all samples decreases with increasing temperature. The vacuum-
annealed film exhibits the highest positive Seebeck coefficient at low temperatures,
suggesting dominant p-type conduction. However, above 150°C, the Seebeck coefficient
becomes negative for all samples, indicating a transition from p-type to n-type conduction.
This behavior is consistent with the properties of narrow band-gap semiconductors like
Sh2Tes, where thermal excitation promotes intrinsic carrier generation and results in a shift
in the dominant carrier type due to an imbalance between electrons and holes (Prainetr et
al., 2020). Figure 5(c) presents the calculated power factor (PF = S20), which represents
the overall thermoelectric performance. At 50°C, the power factor reaches approximately
4.40 x 104, 3.10 x 104, and 2.30 x10* W m-'K-2 for the films annealed in argon, vacuum,
and nitrogen, respectively. This result indicates that argon annealing offers the most
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Figure 4. The electrical properties of thin films both as-deposited and post-annealed in all
atmospheres (a) carrier concentration and mobility and (b) resistivity



Sriporaya et al. Curr. Appl. Sci. Technol. , Vol. ... (No...), €0268210

1.5x10™

2 8x10°F (a) —l— Vacuum (b) —l— Vacuum
: —@— Argon ’Q Lox10% F —@— Argon
- P —&— Nitrogen S X —A— Nitrogen
°\:':' 2.7x10 < oxto?l =
a S s 5.0x
S 2.6x107F [ S
= b 0.0
2 -5 )
z 2.5x10° S .
2 22 -5.0x107
& 2.4x10°} 2
= 4
8 -1.0x10 '
2.3x107 @ .
1 1 1 1 _1' 1 . 1 1 1 1
50 100 150 200 MO TS 00 150 200
Applied temperature ("C) Applied temperature ('C)
10° (©
(\IIA
L
1 E .,
~ 10 L
z
=
S
13
<
=107}
=
g —— Vacuum
<] —0— Argon
A~ —A— Nitrogen
1()-6 1 1 1 1
50 100 150 200

Applied temperature ("C)

Figure 5. The thermoelectric properties of Sb2Tes in all condition (a) resistivity (b)
Seebeck coefficient and (c) power factor

favorable thermoelectric performance at low temperatures. However, the power factor of
all samples decreases significantly at higher temperatures due to the combined effects of
the declining Seebeck coefficient and the instability of conduction type. These findings
suggest that the Sbz2Tes thin films prepared in this study are most suitable for low-
temperature thermoelectric applications, as their performance degrades at elevated
temperatures and undergoes a conduction-type transition, which can adversely affect
device stability.

4. Conclusions

In this study, Sb2Tes thin films were successfully fabricated using pulse-dc magnetron
sputtering on SiO2/Si substrates, followed by post-annealing in three different
atmospheres: vacuum, nitrogen, and argon. The effects of annealing conditions on the
structural, electrical, and thermoelectric properties of the films were systematically
investigated. The results showed that post-annealing significantly enhanced the
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crystallinity and electrical performance of the films compared to the as-deposited state.
Among the films annealed under different atmospheres, the argon annealed films exhibited
the most stable resistivity, near-stoichiometric composition, and superior power factor at
low temperatures. This behavior was attributed to improved microstructural quality and
reduced Te volatilization during annealing. Temperature-dependent Seebeck
measurements revealed a p-type to n-type conduction transition above 150°C in all
samples, consistent with the behavior of narrow band-gap semiconductors. The overall
thermoelectric performance, particularly the power factor, was highest at 50°C for the
argon-annealed sample, highlighting its suitability for low-temperature thermoelectric
applications. These findings underscore the importance of annealing atmosphere in tuning
the thermoelectric properties of SbzTes thin films and suggest that argon annealing
provides an effective route for optimizing performance in microscale or wearable
thermoelectric devices.
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