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Abstract Highly (00l)-oriented bismuth telluride polycrystalline thin films were
prepared on quartz glass by magnetron co-sputtering at appropriate working pres-
sure. The effect of working pressure on the growth behavior, microstructure and
electrical transport properties of Bi,Te; thin films were studied. The results showed
that increasing working pressure brought more particle scattering and also
decreased the velocity of the sputtered particles. As a result, the nucleation rate of
the crystal grains decreased and more sufficient growth along the in-plane direction
was induced. When the working pressure was 2.0 Pa, the balance between nucle-
ation rate and growth rate of the crystal grains reached, which brings highly (00I)
crystal plane orientation in Bi,Te; polycrystalline thin film. Compared with
the Bi,Te; thin film with certain (015) orientation deposited at 0.5 Pa, the
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(00D)-oriented Bi,Te; thin film had the double Seebeck coefficient, which was
above —200 puV K~ ! between 300 and 400 K and reached to the maximum value
—225 pV K™! at 360 K. Therefore the power factor of the thin film is greatly
enhanced and reaches to above 38 x 107* W m™' K2 at 360 K, which is com-
parable to the value of the optimal Bi,Te, ;Seq 3 bulk alloys.
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Introduction

Thermoelectric (TE) materials can achieve the direct conversion between heat and
electricity and have been heavily investigated over the past few decades for solid
state cooling and power generation [1-3]. Energy conversion efficiency of a TE
material can be evaluated by the dimensionless figure of merit ZT = $6T/k, where
S, o, T and k are the Seebeck coefficient, electrical conductivity, absolute tem-
perature and thermal conductivity, respectively [4, 5]. Therefore, a good TE
material should possess high electrical conductivity, high Seebeck coefficient and
low thermal conductivity. However, because these parameters are coupled via band
structures and scattering mechanisms, it is difficult to control them independently
and the optimization of thermoelectric property is limited in bulk materials [6].
Recently, low dimensionality has been proved to be an effective way to improve ZT
by increasing the Seebeck coefficient due to quantum confinement effect and
simultaneously decreasing thermal conductivity owing to the enhanced phonon
scattering at boundaries and interfaces [7—10].

Bismuth telluride based thermoelectric materials are still the best TE materials
near room temperature, which is very suitable for cooling and refrigeration. Based
on the rapid development of micro-cooling devices integrated with microelec-
tromechanical systems (MEMS), the deposition of high performance Bi,Te; based
thin films is of great interest. Two dimensional thin films are also convenient for
adjusting and optimizing the microstructure of TE materials [11]. Many techniques
have been reported to prepare Bi,Te; based thin films, such as physical evaporation,
molecular beam epitaxy (MBE), pulsed laser deposition (PLD), and metal organic
chemical vapor deposition (MOCVD) [12-15]. Compared with these methods,
magnetron sputtering is more beneficial to deposit thin films with high density and
large-scale fabrication. During deposition, working pressure is a very important
parameter, which can affect the deposition rate, quality and microstructure of thin
film. Therefore, it is necessary to study the effect of working pressure on the
microstructure and thermoelectric properties of Bi,Te; thin films particularly.

In this study, Bi,Te; thin films were deposited by co-sputtering in order to
control the composition of the films. The effects of working pressure on the
microstructure and thermoelectric properties of Bi,Tes thin films were investigated.
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Experimental

Bismuth telluride thin films were deposited on polished quartz glass substrate by
co-sputtering method, described in our previous work [16]. Hot-pressed Bi,Tes
target (99.99%) and Te target (99.99%) with 60 mm diameter were used and the
distance between targets and substrates maintained at 90 mm. Bi,Te; target was
connected to a direct current power supplier with 20 W and Te target was con-
nected to a radio frequency power supplier with 45 W. The deposition temperature
and duration were fixed at 350 °C and 1 h, while the working pressure varied from
0.5 to 2.2 Pa.

X-ray diffraction (XRD) patterns of the products were taken on a Rigaku
D/MAX 2200 PC automatic X-ray diffractometer. Morphologies and composition
of the thin films were analyzed by field emission scanning electron microscopy
(FE-SEM) (FEI Sirion 200) and energy dispersive X-ray spectroscopy (EDS).
Carrier concentration and mobility were measured on a Hall effect measurement
system (ECOPIA HMS-3000). In-plane electrical conductivity and Seebeck coef-
ficient were simultaneously measured by ZEM-3 (Ulvac Riko, Inc.).

Results and Discussion

Figure 1 shows the XRD patterns of the Bi,Te; thin films deposited at different
working pressure. It can be found that the diffraction peaks of the samples are well
assigned to the standard pattern of Bi,Te; with thombohedral structure (JCPDS
15-0863). For the Bi,Tes thin film deposited at 0.5 Pa, certain (015) orientation is
achieved. Along with the increase of working pressure, the film gradually converts
to be highly (00I) oriented at 2.0 Pa, indicating the vital effect of working pressure
on the microstructure of Bi,Te; thin film.

The surface view and cross-sectional view of the Bi,Te; thin films are shown in
Fig. 2. From the surface view (Fig. 2a), it can be seen that the film deposited at
0.5 Pa consists of nanoscale grains with average size of about 600 nm. These grains
are well crystallized, but not parallel to the substrate. From the cross-sectional view,
it can be seen that the thin film has island growth mode with column structure,
which are orderly stacked by nanoplates, as shown in Fig. 2b. This orientation is
consistent with the result of XRD. As the working pressure increases, the films
become more dense and flat composing of hexagonal crystals. As shown in Fig. 2g,
h, the film deposited at 2.0 Pa is composed of 300 nm hexagonal crystals stacked
orderly with the ab plane preferentially oriented to form columns normal to the
substrate, which confirms the greatly enhanced intensity of (00I) peaks as shown in
XRD. For magnetron sputtering, increasing working pressure would bring more
particle scattering and also decrease the velocity of the sputtered particles. As a
result, the nucleation rate of crystal grains is decreased and more sufficient growth
along the in-plane direction is induced. When the working pressure is 2.0 Pa, the
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Fig. 1 XRD patterns of the Bi,Te; thin films deposited at different working pressure

balance between nucleation rate and growth rate of crystal grains is reached, which
brings highly (00 1) crystal plane orientation. All the films are stoichiometric with
atomic ratio of ~2:3, as confirmed by EDS analysis (see Table 1 and the inset in
Fig. 2).

Along with the structural characteristics, electrical transport properties of the
Bi,Te; thin films were also strongly affected by the working pressure, as shown in
Fig. 3. Figure 3a shows the change of room temperature carrier concentration and
mobility with working pressure. Along with the increase of working pressure,
carrier concentration of the films decreases gradually, which is about —2.9 x 10%°
cm > at 0.5 Pa and decreases to —1.0 x 10?° cm ™ at 2.0 Pa. As evidenced by the
SEM results, the lower nucleation rate and ampler growth of the crystal grains along
the in-plane direction at higher working pressure would bring lower defects in the
film and thus decrease the carrier concentration. On the contrary, carrier mobility of
the films increases with working pressure, which achieves 52 em? V7' sl at
2.0 Pa. The gradually formed layered nanostructure and enhanced (00l) plane
orientation should constitute the transport passage for electrons. For the thin film
deposited at 2.2 Pa, the weakened layered nanostructure and (001) plane orientation
cause the decrease of carrier mobility.
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500 nm

Fig. 2 Surface view and cross-sectional view of the Bi,Te; thin films deposited at different
working pressure: a, b 0.5 Pa; ¢, d 1.0 Pa; e, f 1.5 Pa; g, h 2.0 Pa; i, j 2.2 Pa
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Fig. 3 Room temperature carrier concentration, carrier mobility (a) and the temperature
dependence of electrical conductivities (b), seebeck coefficients (¢) and power factors (d) of the
Bi,Te; thin films deposited at different working pressure with distinct microstructures
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As shown in Fig. 3b, electrical conductivity decreases with the increase of
working pressure. Electrical conductivity can be expressed with carrier concen-
tration and mobility as ¢ = nep, where n, |1, and e represent carrier concentration,
carrier mobility, and the electronic charge, respectively. Therefore, the main reason
is the decreased carrier concentration at higher working pressure. However, the
electrical conductivity of the film deposited at 2.0 Pa is still comparable with the
values of hot-pressed or SPS sintered Bi,Te; based bulk materials, which is about
8.4 x 10* S m™! at room temperature [17, 18].

Figure 3c shows the influence of working pressure on Seebeck coefficients of the
thin films. All films have negative values of Seebeck coefficient, indicating the
n-type transport behavior. With the rising working pressure, the absolute value of
Seebeck coefficient increases and achieves the maximum value for the film
deposited at 2.0 Pa, which is 200 pV K™ at room temperature and 225 pV K" at
360 K. Because the carrier concentration and mobility of the films deposited
between 1.0 and 2.0 Pa are nearly the same, the main reason should be the
enhanced (001) plane orientation and more obvious layered nanostructure. Based on
Boltzmann distribution for the electrons, the Seebeck coefficient can be expressed
as S = kg(s — Inn)/le + C, where kg is the Boltzmann constant, s is the scattering
parameter and C is the proper constant [19]. As an approximation, the relaxation
time can be expressed as T = 1oE°, where 1, is a constant and E stands for the
energy of carriers. The preferential orientation of (00l) plane and layered nanos-
tructure parallel to the substrate would prolong relaxation time and enlarges scat-
tering parameter. Therefore, the film deposited at 2.0 Pa with complete (001) plane
orientation and obvious layered nanostructure has the maximum Seebeck
coefficient.

The relationship between temperature and power factor for the films deposited at
different working pressure is shown in Fig. 3d. For the film deposited at 2.0 Pa, the
power factor is near 34 x 10°* W m~' K™ and exceeds 38 x 10°* W m™ ' K™,
which is even comparable with the reported maximum power factor of the n-type
Bi,Te, -Seq 3 bulk material (35 x 107* W m™! K™2), indicating the superiority of
magnetron sputtering for depositing (001)-oriented Bi,Te; based TE material [20].

Conclusion

In summary, highly (001) plane orientation in Bi,Te; thin film has been achieved by
optimizing working pressure using a simple magnetron co-sputtering method.
Higher working pressure brings more particle scattering and also decreases the
velocity of the sputtered particles. As a result, the nucleation rate of the crystal
grains is decreased and more sufficient growth along the in-plane direction is
induced. When the balance between nucleation rate and growth rate of the crystal
grains is reached, highly (00l) crystal plane orientation in Bi,Te; polycrystalline
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thin film is achieved. Due to this special nanostructure, the Seebeck coefficient and
power factor of Bi,Te; thin film can be greatly promoted. Preferential orientation of
the optimum crystal plane is also applicable to other TE materials with anisotropy
for enhancing thermoelectric property.
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