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In this work, stoichiometric Sb,Te; thin films with various thicknesses were deposited on a flexible substrate using RF magnetron
sputtering. The grain size and thickness effects on the thermoelectric properties, such as the Seebeck coefficient (S), electrical
conductivity (o), power factor (PF), and thermal conductivity (k), were investigated. The results show that the grain size was
directly related to film thickness. As the film thickness increased, the grain size also increased. The Seebeck coeflicient and
electrical conductivity corresponded to the grain size of the films. The mean free path of carriers increases as the grain size
increases, resulting in a decrease in the Seebeck coeflicient and increase in electrical conductivity. Electrical conductivity strongly
affects the temperature dependence of PF which results in the highest value of 7.5x10™* W/m-K* at 250°C for film thickness
thicker than 1 ym. In the thermal conductivity mechanism, film thickness affects the dominance of phonons or carriers. For film
thicknesses less than 1 ym, the behaviour of the phonons is dominant, while both are dominant for film thicknesses greater than
1 um. Control of the grain size and film thickness is thus critical for controlling the performance of Sb,Te; thin films.

1. Introduction

In recent decades, there has been extensive research on
thermoelectric materials and devices [1, 2]. In general, the
performance or properties of thermoelectric materials de-
pends on the temperature gradient (AT) and the di-
mensionless figure of merit (ZT). The dimensionless figure
of merit is defined as ZT = S>’¢T/K, where S is the Seebeck
coefficient (V/K), ¢ is the electrical conductivity (Q-m™"), K
is the thermal conductivity (W/m-K), and T is the absolute
temperature (K). However, at the present, most thermo-
electric devices are dependent on bulk material properties,
limiting the ZT, partly because of the Wiedemann-Franz
law, which relate it linearly to electrical and thermal con-
ductivities. Nevertheless, low-dimensional structures can
provide significantly higher ZTs. Two-dimensional (2D) thin

film-based thermoelectric devices are lower dimensional
than the three-dimensional bulk phase [3-5]. Currently, one
of the most important research topics is the development of
flexible thermoelectric devices for a wide variety of wearable
and portable applications. Moreover, applying with various
heat sources, they are quite effective [6, 7]. In this work, a
polyimide substrate was chosen as a substrate due to its low
thermal conductivity and high upper working temperature
(up to 400°C).

Antimony telluride (Sb,Tes) is considered one of the best
thermoelectric materials since it can achieve a relatively high
figure of merit at room temperature [2, 8, 9]. Thin film
deposition techniques, namely, coevaporation, pulsed laser
deposition, magnetron sputtering, and electrodeposition,
have already been used for fabricating Sb,Tes;. From the
literature, Fan et al. [10] and Chen et al. [11] studied the
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effect of substrate temperature and annealing temperature
on the thermoelectric property of sputtered Sb,Te; thin
films. The power factor was enhanced with an increase in
substrate temperature and annealing at 400°C. Das and
Soundararajan [12] have conducted a study on the ther-
moelectric and electrical properties of vacuum-evaporated
Sb,Te; thin films. The Seebeck coefficient and electrical
resistivity as a function of temperature and film thickness
were investigated. Both the Seebeck coefficient and electrical
resistivity are linear functions of the reciprocal of film
thickness. In addition, Park et al. [2] studied the strain- and
grain size-dependent thermal conductivity of Sb,Te; thin
films prepared by RF magnetron sputtering and post-
annealing treatment. The modified Callaway model ap-
proach was used to analyse how the grain size affects thermal
transport in Sb,Te; thin films. They suggested that control of
grain size or strain strongly influences the development of
high-performance TE devices. Hence, both grain size and
thickness significantly contribute to the properties of
thermal transport properties.

However, the effect of thickness on the thermoelectric
property was not reported in the literature. Thus, this is the
first study of the effects of film thickness and grain size on the
temperature-dependent ZT value of Sb,Te; thin films on
flexible substrates. The suitable thickness of Sb,Tes thin films
for thermoelectric application was investigated. The stoi-
chiometric Sb,Te; thin films with various thicknesses were
deposited on a flexible substrate using RF magnetron
sputtering. The Seebeck coeflicient and electrical conduc-
tivity as a function of temperature were measured from 30 to
250°C. The theoretical lattice thermal conductivity was
calculated based on the modified Callaway model. The effect
of electronic and lattice energies on thermal conductivity
was investigated.

2. Materials and Methods

Sb,Te; thin films were fabricated on a polyimide sheet
(DuPont™ Kapton® polyimide), using a RF magnetron
sputtering technique. The Sb,Te; target material (Stanford
Advanced Materials, USA; purity of 99.9%) was used to
deposit the Sb,Te; films. Before deposition, the vacuum
system reduced the pressure to a base pressure of
3x10”° mbar and presputtered for 10 minutes in order to get
rid of contamination and oxide from the target surfaces. The
sputtering conditions were maintained as follows: power of
45 W and working pressure of 1.2 x 10~> mbar to ensure that
the stoichiometric ratio of Sb:Te was 2:3. The details of
these conditions were published in our previous work [9].
The Sb,Te; films of various thicknesses were controlled by
varying the sputtering time to 15, 30, 45, and 60 min.

The crystal structures of Sb,Te; thin films with different
thicknesses were analysed by grazing incidence X-ray dif-
fraction (BrukerAXS:D8DISCOVER). The surface mor-
phology and cross-sectional images were collected using a
field-emission scanning electron microscope (FE-SEM JSM-
7001F). Measurements of Seebeck coeflicients and electrical
conductivity were conducted by a DC four-terminal method
(ZEM-3, ULVAC-RIKO) from 30 to 250°C. The effects of
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grain size and film thickness on the temperature-dependent
thermal transport of Sb,Te; thin films were investigated
using theoretical modelling based on the Callaway theory
[2, 13] and a modified phonon scattering mechanism pro-
posed by Park et al. [2].

3. Results and Discussion

3.1. Microstructural Analysis. For characterization, samples
A, B, C, and D represented deposited Sb,Te; films at 15, 30,
45, and 60 min, respectively. Figure 1 shows the XRD spectra
of Sb,Te; thin films. The films exhibit amorphous phases and
polycrystalline structures, depending on the film thickness.
When the thickness of Sb,Te; films is lower than 1.0 ym,
films exhibit dominant amorphous phases, as seen in
samples A and B. When thickness increases, the films be-
come polycrystalline structures with a high-intensity peak,
as seen in samples C and D. The XRD spectra for Sb,Te; were
compared with JCPDS cards no. 72-1990. For Sb,Te; films,
the diffraction angles were observed at 28.40° and 42.40°
corresponding to the (015) and (0111) planes. The Sb,Te;
films at various thicknesses show a preferred orientation of
(015), while crystallinity improves as thickness increases.
The grain size (D) of the thin film was estimated from
Scherrer’s equation. The XRD analysis results are summa-
rized in Table 1. The grain size of the thin film increased as
film thickness increased.

The surface morphological and cross-sectional images of
Sb,Te; thin films prepared with various deposition times
were investigated by FESEM, as shown in Figure 2. The
surface morphological images clearly demonstrate that the
films fabricated under different deposition times were
morphologically different. Shorter sputtering time resulted
in films with small grain size and smooth surface (sample A).
The films had larger grain size and a rough surface with
increased sputtering time (samples B, C, and D). For cross-
sectional SEM images, the thicknesses of Sb,Te; films were as
follows: A, 384 nm; B, 770 nm; C, 1150 nm; and D, 1804 nm.
The SEM images correspond to a different XRD spectrum,
and the increase in crystallization leads to an increase in
grain size roughness. The composition of films was de-
termined by EDS. The elemental content of Te in all thin
films was approximately 60%. This result indicated that the
stoichiometric Sb:Te ratio of antimony telluride is con-
firmed as approximately 2: 3.

3.2.  Electrical and Thermal Transport Properties.
According to a simple theory for nearly free electrons [14],
the effect of measuring temperature and carrier concen-
tration on the Seebeck coeflicient (S) can be given by the
following equation:

8nky w23
= * —_ 1
s=o ' T(1) (R, (1)

where kg and h are Boltzmann and Planck constants, re-
spectively, m*, n, and T are the effective mass of the carriers,
carrier concentration, and absolute temperature, re-
spectively, R is a function of scattering. Equation (1)
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FIGURE 1: XRD spectra of Sb,Te; thin films fabricated under different deposition times: 15, 30, 45, and 60 min.

TasLE 1: XRD analysis of Sb,Te; thin films calculated from the (015) plane.

Sample A B C D
Film thickness, t (nm) 384 770 1150 1804
Grain size, D (nm) 5.25 10.80 14.12 23.80

FIGURE 2: Surface morphological and cross-sectional images of Sb,Tes thin films prepared by different deposition times at (A) 15, (B) 30,
(C) 45, and (D) 60 min.



indicates that S is directly proportional to T and inversely
proportional to n. In addition, the effects of film thickness
and carrier mean free path on the Seebeck coefficient are as
shown in the following equation:

3(1-p) U Ay

Sp=8.1-— £
FTUB 8 1+U t

(2)
where Sg is the Seebeck coefficient of the bulk material, p is
the specularity parameter, A is the mean free path of the
carriers [13, 14], U = 0IlnA3/0InE is the exponent of the
energy term for the mean free path of the form Ay = A,EP.
The exponent is 3/2 for impurity ion scattering, —1/2 for
lattice acoustic scattering, and zero for optical phonon
scattering, and so on; t is the thickness of the thin film.
Equation (2) shows a direct proportion between Seebeck
coefficient and thickness and inverse proportion between
Seebeck coeflicient and carrier mean free path.

According to Figure 3, the Seebeck coefhicient (S) of
Sb,Te; films is a function of temperature, 50-250°C. The S
values are positive over the entire temperature range which
indicate hole conduction. Sample B exhibited the highest S
value, and this S value was maintained at 210-230 uV/K.
However, sample D shows the smallest S value, at ap-
proximately 165-180 ¢ V/K. All films exhibited an identical
behaviour of temperature-dependent on the S value. The S
value of Sb,Te; films was a function of temperature in the
range of 50°C-200°C. The increase in the S value was due to
the increase in temperature. However, as temperature in-
creased, it not only affected the increase in S but also in-
creased the carrier concentration. At temperatures above
200°C, the decrease in S was due to the increase in carrier
concentration. For samples A and B, S increased with in-
creasing film thickness. For samples C and D, the thickness
was over 1um, and the grain size was greater than for
samples A and B. We found that S decreased as the grain size
increased, due to the increase in carrier mean free path or the
decrease in carrier scattering. Zeng et al. [15] and Das and
Ganesan [16] reported that Ay decreases as the temperature
increases was inversely proportional to temperature, due to
increased lattice vibration or phonon scattering. In this
work, we hypothesize that Ag increases as the grain size
increases, resulting in S values for films C and D that were
lower than A and B.

To explain the thickness dependence of electrical con-
ductivity, the logarithmic dependency of conductivity (Ino)
on inverse temperature (1000/T) is displayed in Figure 4. All
Sb,Tes films exhibited linear characteristics that indicate the
semiconductor behaviour of the film. In general, electrical
conductivity depends on both carrier concentration (1) and
mobility (¢), as shown in the following equation:

0 = nuq. (3)

The carrier concentration in the Sb,Te; thin film is
dependent on the native antisite defects, Tegy, in the grain
region, ie., rich Te atoms occupying Sb lattice sites [17].
However, all samples had a similar stoichiometric ratio (Sb:
Te=2:3). The carrier may be not controlled by substitution
defects. Conductivity increases with increasing crystallize
size and carrier mobility. From the slope of the linear fit, the
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FIGURE 4: Plot of Ing versus 1000/T for Sb,Te; films of varying
thicknesses.

activation energy for conduction in the films was calculated
according to the relationship [16]:

E
o =0, exp(—ﬁ), (4)
B

where 0, is the temperature-independent part of conduc-
tivity, E, is the activation energy for conduction, kj is the
Boltzmann constant, and T'is the absolute temperature. The
calculated value E, for samples A, B, C, and D was 169, 1438,
112, and 93 meV, respectively. The activation energy for
conduction decreases with increasing thickness. This result
agrees with the reports from Zeng et al. [15] and Das and
Ganesan [16]. These values do not correspond to the band
gap of the material (200meV) and should therefore be
attributed to impurity levels [12]. The thickness depen-
dence of E, may be due to one effect or combined effects of
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the following causes: (i) grain boundary barrier effect, (ii)
quantum size effect, (iii) dislocation density, and (iv)
deviation from the stoichiometric Sb/Te ratio [16]. In this
work, the quantum size effect is negligible, since film
thickness and grain size were relatively large and sput-
tering conditions were maintained to ensure that films had
a stoichiometric Sb:Te ratio of 2:3. The major contri-
bution might be due to the size of grains and dislocation
density. The dislocation density (§) is the length of the
dislocation lines per unit volume of the crystal. It is
expressed as
1

The dislocation is an imperfection in the crystal which
came into being during film growth [9], and dislocation
density has a negative impact on electrical conductivity
[13]. The & values of films A, B, C, and D were 19.0 x 10",
8.6x10", 5.0x10", and 1.8 x10"> m ™2, respectively. We
found that dislocation density was significantly corre-
lated with larger grain size. As thickness increased,
electrical conductivity increased due to the increase in
grain size.

Figure 5 shows the power factor (PF) of Sb,Te; films of
varying thicknesses as a function of temperature. PF is a
property of a material that generates energy from temper-
ature difference. PF can be calculated by using the Seebeck
coefficient and electrical conductivity (S?0) at a given
temperature. The temperature dependence of PF is strongly
influenced by electrical conductivity, resulting in the highest
value of 7.5 x 10~ W/m-K? at 250°C for sample D. However,
only the value of PF was insufficient to evaluate the per-
formance of a thermoelectric material, since this perfor-
mance depends on both PF and thermal conductivity (k). In
this work, the theoretical modelling of the thermal con-
ductivity of the films was investigated using a phonon
transport model, which is dependent on the relaxation time
[13]. The expression for the expected lattice thermal con-
ductivity (Kp) is given as follows [2, 13]:

3 6,/T 4,x
K, (T) = ky (ksT J TCLde’ (6)
2m2c\ 7 0 (ex-1)

where ky, is the Boltzmann constant, 7 is the Planck constant,
x is the dimensionless parameter with x = nw/kgT, 0, is the
Debye temperature (6, = 160 K for Sb,Te; [8]), and ¢ is the
speed of sound (2,900 m/s for Sb,Te;) [2]. Strain materials
are widely studied in thermoelectrics, and the strain effects
are known to affect thermal conductivity [1, 12]. Moreover,
thermal transport has been investigated using numerical
simulations, which show that thermal conductivity increases
with increasing compressive strain and decreases with in-
creasing tensile strain [18, 19]. However, Takashiri et al. [1]
reported that the thermal conductivity of bismuth antimony
telluride thin films depends on nanosize effects rather than
the strain effect. In this work, the strain effect is negligible.
Under relaxation time approximation, Park et al. [2]
modified the scattering mechanism of the phonons from
Callaway’s initial suggestion and incorporated various
scattering mechanisms which include dislocation, point
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FiGure 5: The variation of power factor as a function of tem-
perature for Sb,Te; films with varying thicknesses.

defects, phonon-phonon scattering, and boundary scattering
from the grain and thickness effect. Therefore, the total
modified phonon scattering rate (relaxation time, 7.) was
adapted to be
-1 _ C

T, = D+§+Aw4 +Bw2Texp<—§—;> + Cw, (7)
where D and t are the grain size and thickness of the films,
respectively, as shown in Table 1. The coeflicients A, B,and C
are temperature-dependent fitting parameters. For the
Sb,Te; film, the fitting parameters A, B, and C were ap-
proximately 9.6 x107*S?, 2.7x107"S/K, and 8.2x107°,
respectively [2, 8].

Figure 6 shows the theoretically calculated lattice ther-
mal conductivity of Sb,Te; thin films with varying thick-
nesses. The Kj, of Sb,Te; films decreased with increasing
temperature, and this result indicated that phonon-phonon
umklapp scattering was more significantly affected. In ad-
dition, the K of Sb,Te; films increased with increasing film
thickness and grain size, especially at low temperature
(50°C). At high temperature, K;, tends to decrease, with a
reduction in film thickness (grain size). According to Park
et al. [2], grain size dominated the reduction of the Kj of
antimony telluride thin film; here, grain size was determined
to be approximately 88 to 129 nm, while K; ranged from 0.61
to 1.08 W/m-K at temperature. In this work, we found that
the grain size was approximately 7.25 to 20.80 nm, while K.
at room temperature was 0.37 to 0.48 W/m-K. This result
indicated that the grain size effect caused the reduction of
thermal conductivity of the Sb,Te; thin film.

To estimate the electronic thermal conductivity, the
Wiedemann-Franz law, K, = LT¢, was calculated, where L
is the Lorenz number (2.45x107*WQ/K?) and T is the
absolute temperature [2].

The electronic thermal conductivities from 50°C to 250°C
for the various sample thicknesses are given in Figure 7. The
K. of samples B, C, and D increased with increasing tem-
perature. This is thought to result from the enhancement of
the carrier contribution to the thermal conductivity due to
an increase in the carrier concentration with increasing
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FIGURE 7: Electronic thermal conductivity of Sb,Te; thin films as a
function of measuring temperature.

temperature. In the case of sample A, K, was approximately
5x 10> W/m-K and slightly increased when the temperature
surpassed 150°C. This was due to the small grain size, which
creates scattering centres and obstructs the mobility of the
carrier. Notably, the electronic thermal conductivity at
250°C for samples with film thicknesses over 1 ym (C and D)
is approximate to the lattice thermal conductivity. The re-
sults may indicate that the mechanism of the thermal
conductivity come from both the phonon and carrier.
However, the film thickness affects the dominant phonon or
carrier. For film thickness less than 1 ym, the behaviour of
phonons is dominant, while both were dominant for film
thicknesses greater than 1um. Figure 8 shows the tem-
perature dependence of total thermal conductivity (Kiotar)
for Sb,Te; samples with various thicknesses. For samples A

Advances in Materials Science and Engineering

0.70
0.65 4 D (1804nm) |
0.60 —

J -/ ° 4
0.55 - - el
[ /I °
Q \I‘._——I—/- e
- { ] -
z 050 o—"C(1150nm)
o] e e _
= 1 A
5 0.40 ~ -
W ] AL B (770nm)
v —
0.35 - v —a__ ]
\v\ A— A A A
] _ ]
0.30 - Yy 4
] v 4
v
0.25 A(384nm) Y
0.20 T g T g T g T g T
50 100 150 200 250

Temperature (°C)

F1GURE 8: Calculation of total thermal conductivity for Sb,Te; thin
films as a function of measuring temperature.

and B, Ky decreased with increasing temperature, and
the contribution of K, to K,y was quite small. For samples
C and D, Ky decreased with increasing temperature
below 100°C and increased with increasing temperature to
250°C.

Finally, the ZT of Sb,Te; thin films with various
thicknesses as a function of measuring temperature were
calculated, as shown in Figure 9. The ZT value increases
with increasing measuring temperature. This resulted from
the enhancement of electrical conductivity. In the case of
samples C and D, film thickness greater than 1 micron was
effective in significantly improving thermoelectric per-
formance. The highest value of ZT was obtained for
samples C and D, with thicknesses of 1150 to 1804 nm.
However, the electrical conductivity of samples A and B
effectively decreased compared to samples C and D. From
this result, the value of ZT of samples A and B was as small
as samples C and D. Thus, the suitable thickness of Sb,Te;
thin films for thermoelectric application is approximately
1yum.

4. Conclusions

In conclusion, the effects of grain size and film thickness on
the thermoelectric properties of Sb,Te; thin films were
explained. The grain size of the films increased as film
thickness increased and corresponded to the crystallinity.
The films became polycrystalline structures when the
thickness increased above 1ym. The increase in the mean
free path of carriers due to grain size enhanced the electrical
conductivity and power factor of Sb,Te; thin films. The
highest PF of 7.5x10~* W/m-K? at 250°C was obtained for
the films with a thickness of 1.8 ym. The mechanism of
thermal conductivity was explained by the Callaway model,
which related to phonon or carrier scattering. For film
thickness less than 1um, the phonon behaviourism is
dominant, while both are dominant for film thickness above
1 ym. Finally, the calculated ZT suggested that a suitable
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thickness for the Sb,Te; thin film is approximately 1 ym for
thermoelectric applications.
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