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A B S T R A C T

We deposited nanostructured bismuth telluride (Bi2Te3) thin films on glass substrates with NdeFeeB permanent
magnets of varying magnetic flux densities attached to the backside, and then thermally annealed them in an
electric furnace. Surface scanning electron microscopy (SEM) revealed that the thin films deposited without the
additional magnetic field and in the presence of an additional magnetic field with a magnetic flux density of
189mT were both composed of nano-sized crystal grains with flat surfaces. XRD patterns indicated that the thin
film deposited at 189mT exhibited very high crystal orientation along the c-axis. As a result, this thin film
exhibited high mobility and a power factor of 14.1 μW/(cm·K2), which was 65% higher than that of the thin film
deposited in the absence of an additional magnetic field. When the magnetic flux density was increased to
378mT or more, the thin film surface was covered with irregularly shaped powder depositions, resulting in a
decrease in the crystal orientation, and by extension, the desirable thermoelectric properties. Therefore, we
conclude that application of an additional magnetic field with a moderate magnetic flux density can improve the
structural and thermoelectric properties of Bi2Te3 thin films deposited by RF magnetron sputtering.

1. Introduction

Bismuth telluride (Bi2Te3) thin films are expected to be useful as
miniaturized thermoelectric power generators in energy-constrained
embedded systems due to their excellent electrical and thermal prop-
erties at room temperature (RT) [1–3]. Bi2Te3 has a rhombohedral
tetradymite-type crystal structure with the space group −D R m( 3 )d3

5 , and
is described as a hexagonal unit cell [4]. The unit cell is composed of
five covalently bonded monatomic sheets along the c-axis in the se-
quence –Te(1)eBieTe(2)eBieTe(1)– –Te(1)eBieTe(2)eBieTe(1)–. Here,
superscripts (1) and (2) denote two different chemical states of the
anions. The very weak van der Waals attraction exists between neigh-
boring Te(1) layers, while the bonding between bismuth and tellurium
layers is mainly covalent with a small ionic contribution. Therefore, the
crystal growth rate along the a,b-plane is quite different from that along
the c-axis because of the different bonding types along each axis [5–7].
The c constant of the Bi2Te3 lattice is approximately seven times larger
than the a constant, which contributes to the material's remarkable
anisotropic thermoelectric properties [8–10]. For instance, the elec-
trical conductivity along the a,b-plane is approximately three times
larger than that along the c-axis [11]. Therefore, it is important to

control the crystal orientation in the Bi2Te3 thin films [12,13].
Many film deposition methods, including sputtering [14–16], eva-

poration [17,18], electrodeposition [19,20], and drop-casting [21,22],
have been used to deposit Bi2Te3 thin films. Magnetron sputtering has
attracted much attention as a suitable tool for depositing thin films due
to its high deposition rates and the excellent film quality that can be
achieved by adjusting sputtering parameters. It is known that surface
diffusion of particles is enhanced by bombardment by energetic parti-
cles [23,24].

However, conventional magnetron sputtering strongly confines
many charged particles in the plasma near the target surface because of
the strong magnetic field of the permanent magnet on the backside of
the target. Therefore, few energetically charged particles can influence
the substrate. To enhance bombardment of the substrate with en-
ergetically charged particles, several researchers have investigated the
influence of the magnetic field on the optimal structure and physical
properties of the films in an unbalanced magnetron system [25]. In this
system, an additional magnetic field with a uniform direction is gen-
erated by passing a current through a solenoid coil inside the magne-
tron sputtering apparatus, which increases the flux density of en-
ergetically charged particles toward the film surface [26–28]. An
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advantage of this setup is that an accurate magnetic field can be applied
at a higher substrate temperature, i.e., above the Curie temperature of a
permanent magnet. However, this system is inconvenient because ela-
borate customization is needed to install the coil.

In this study, to investigate the effect of the additional magnetic
field in a magnetron sputtering system, we propose a system wherein
permanent magnets with different magnetic flux densities are directly
attached to the backsides of the glass substrates. Although this system is
convenient, it is difficult to improve the crystallinity of the thin films
because the substrate temperature must be set relatively low, i.e., below
the Curie temperature of the permanent magnet. Therefore, following
deposition at RT under a magnetic field, the thin films were thermally
annealed to improve their crystallinity [29,30]. We reveal the structural
and thermoelectric properties of the Bi2Te3 thin films obtained using
this technique, and then discuss the effectiveness of this system.

2. Experimental details

Bi2Te3 thin films were deposited at RT using radio-frequency (RF)
magnetron sputtering (CFS-8EP, Tokuda) as shown in Fig. 1. The basic
experimental setup has been described in our previous reports [30,31].
In brief, a high-purity (99.9%) bismuth telluride target (Chemiston
Ltd.) with a diameter of 127mm and a composition of Bi(32 at.%)eTe
(68 at.%) was used. The atomic composition of the target was decided
based on our preliminary study, wherein we confirmed that the atomic
composition of the films obtained under normal deposition conditions
had approximate stoichiometric proportions of Bi(40 at.%)eTe (60 at.
%). For the film deposition, we prepared three NdeFeeB permanent
magnets, magnetized in the axial direction (Magfine Ltd.) and with
different properties as outlined in Table 1. The north pole of each
magnet was attached to the back of a separate glass substrate with an
area of 20×30mm2 and thickness of 1.1 mm (Eagle XG, Corning), and
then the substrate was affixed to a holder. To ensure a uniform mag-
netic flux density on the substrate, we prepared the permanent magnets
with diameters of 30mm such that most of the area of the glass sub-
strate was covered by the magnet. The substrate-to-target distance was
set to 140mm. Prior to film deposition, the chamber was evacuated to a
pressure of 2.5× 10−4 Pa and the substrate temperature was main-
tained around RT (30–40 °C). Sputtering was performed in argon gas

(99.995%) at a pressure of 1.0 Pa, using an RF power of 200W. The film
thickness varied from 0.8 to 1.8 μm as determined by a super-high
vertical resolution non-contact 3D surface profiler (BW-S507, Nikon).

Following the film deposition, thermal annealing was performed in
an electric furnace. The basic annealing procedure is described in our
previous report [32]. In brief, the furnace was filled with a mixture of
argon (95%) and hydrogen (5%) gases at atmospheric pressure. The gas
flow rate was maintained at 1.0 standard liter per minute throughout
the annealing process. The temperature was set to 300 °C, which is the
optimum annealing temperature as determined by our previous ex-
periments [33,34], and an annealing time of 1 h was employed. Fol-
lowing the thermal annealing, the samples were left to cool to below
50 °C in the furnace.

The surface morphologies of the Bi2Te3 thin films were investigated
using scanning electron microscopy (SEM; S-4800, Hitachi) operated at
an electron accelerating voltage of 3 kV. The atomic compositions of the
thin films were estimated using an electron probe microanalyzer
(EPMA; EPMA-1610, Shimadzu). The compositions of the samples were
calibrated using the ZAF4 program installed in the EPMA-1610. The
crystallographic properties of the thin films were evaluated by X-ray
diffraction (XRD; Mini Flex II, Rigaku) analysis using Cu-Kα radiation
(λ=0.154 nm). The average crystallite sizes and crystal orientations in
the thin films were determined from the XRD patterns using Rietveld
refinement.

Hall measurements were performed at RT using the van der Pauw
method (HM-055, Ecopia) to estimate the carrier concentration (n). The
measurement was performed in the in-plane direction which corre-
sponds to the transport direction of electrons and heats in the thin-film
generators. The electrical conductivity, σ, was measured at RT using a

Fig. 1. Schematic diagram of RF magnetron sputtering system with an permanent magnet on the substrate.

Table 1
Thin film deposition conditions.

Sample Type of magnet Thickness (mm) Diameter (mm) Surface magnetic flux
density (mT)

#1 n/a n/a n/a 0
#2 NdeFeeB 5 30 189
#3 NdeFeeB 10 30 378
#4 NdeFeeB 15 30 567
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