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We prepared both n- and p-type bismuth telluride thin films by using a
coaxial-type vacuum arc evaporation method. The atomic compositions of the
as-grown thin films and several annealed thin films were comparable to that of
bulk bismuth telluride. Their thermoelectric properties were measured and
found to be comparable to those of bulk materials. The Seebeck coefficient and
electrical conductivity of the as-grown thin films were improved by the
annealing process. The measured figures of merit (Z7T) of the films were 0.86
for the n-type and 0.41 for the p-type at 300 K for annealing temperatures of

573 K and 523 K, respectively.
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INTRODUCTION

Bismuth-telluride-based alloys are attractive
thermoelectric materials. They are widely used in
cooling devices and have been proposed for energy
conversion applications at room temperature. The
performance of a thermoelectric material depends
on the dimensionless figure of merit, ZT, which is
defined as ZT = S?%6T/x, where S is the Seebeck
coefficient, ¢ is the electrical conductivity, x is the
thermal conductivity, and T is the absolute tem-
perature. Recently, production of nanostructures in
thermoelectric materials has been considered a
promising way to improve ZT values by decreasing
the thermal conductivity through enhanced phonon
scattering at boundaries and interfaces while the
electrical properties are maintained.'™ Mostly thin-
film techniques have been used to make nano-
structured thermoelectric materials.

There are many thin-film deposition methods,
such as flash evaporation,®® co-sputtering,®!® and
metalorganic chemical vapor deposition (MOC-
VD).!112 Although many deposition methods
have been developed, the resulting devices have not
been commercially viable because of their high
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production costs (expensive equipment) or inade-
quate thin-film properties.® Here, we focus on a
coaxial-type vacuum arc evaporation method.'®!°
This method is a kind of vacuum evaporation tech-
nique in which the cathode material is evaporated
by arc discharge in vacuum. The atomic composition
of the alloy is kept constant because of its high
evaporation rate. The system for the coaxial-type
vacuum arc evaporation method is very simple, with
only a vacuum chamber, a target for the evaporation
source, and a substrate holder. In this study, we
prepared bismuth telluride thermoelectric thin
films by the coaxial-type vacuum arc evaporation
method. We investigated the effects of the annealing
process on their thermoelectric properties (electrical
conductivity, Seebeck coefficient, and grain mor-
phology), because the thermoelectric properties of
the as-grown films were very low. We discuss this
coaxial-type vacuum arc evaporation method for the
fabrication of bismuth telluride thin films with high
ZT values.

EXPERIMENTAL PROCEDURES

Both n- and p-type bismuth telluride thin films
were fabricated on glass plates by the coaxial-type
vacuum arc evaporation method followed by an
annealing process. A schematic diagram of the
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Fig. 1. Schematic diagram of coaxial-type vacuum arc evaporation
equipment.

Cathode
N

(Target) L~ Insulator

Anode —
L Electrode
of trigger
N Capacitor
. —
Trigger \\.—--‘--. Arc

Fig. 2. Schematic diagram of coaxial-type vacuum arc evaporation
source.

deposition equipment (ULVAC APG-1000) is shown
in Fig. 1. The vacuum chamber contains a target for
the evaporation source and a substrate holder. The
distance between the target and substrate is
150 mm. Figure 2 shows a schematic diagram of the
evaporation source. A high arc discharge current
through the cathode (peak current exceeds 1000 A)
induces a strong circumferential magnetic field.
Tons and electrons moving radially in the arc dis-
charge are accelerated toward the substrate by the
Lorentz force and effectively collected on the sub-
strate as shown in Fig. 2.'> The chamber was
evacuated to below 5.0 x 1072 Pa by a turbomolec-
ular pump. Then, the discharge voltage set to 80 V
was applied 400 times at a frequency of 1 Hz. The

ﬂAr + H2
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Fig. 3. Schematic diagram of annealing furnace.

deposition rates were 0.6 nm/s and 0.5 nm/s for the
n-type and p-type films, respectively.

To investigate the effects of the annealing con-
ditions on the thin-film properties, we chose one
thin-film sample with uniform thickness and mor-
phology, and cut it into small slices (25 mm length,
10 mm width). The cut samples were annealed in an
electric furnace (992 mm, 550 mm length) (Fig. 3)
with high-purity argon mixed with 5% hydrogen at
1.0 Pa for 60 min. We supplied the gas at a flow rate
of 0.1 SLM during the sintering process. The sin-
tering temperatures ranged from 473 K to 623 K.
The temperature was increased at a rate of 5 K/min
to the set temperature. The temperature in the
furnace was measured by a thermocouple placed
near the sample. After sintering, the furnace was
cooled down naturally to room temperature. The
crystal orientations of the thin films were evaluated
by x-ray diffraction (XRD). The atomic compositions
of the films were examined by energy-dispersive
x-ray spectroscopy (EDS). The surface and cross-
section morphologies of the thin films were investi-
gated by means of scanning electron microscopy
(SEM). The in-plane electrical conductivities of the
thin films were measured at room temperature by a
four-point probe method with accuracy of £5%, and
the in-plane Seebeck coefficients were measured at
room temperature with accuracy of +4%. One end of
the thin film was connected to a heat sink and the
other end to a heater. The Seebeck coefficient was
determined as the ratio of the potential difference V
along the film to the temperature difference 7. The
cross-plane thermal conductivity at room tempera-
ture was measured by a differential 3w method with
accuracy of 10%. Details of the thermal conductivity
measurements have been described previously.'¢~1®
In brief, a SiO, film was deposited on the thin film.
A thin aluminum wire was deposited on the sample
through shadow masks. The aluminum wire was
20 um wide, and the length of the heater was 2 mm.
We fabricated reference samples that lacked the
nanocrystalline thin film but were otherwise iden-
tical to the primary sample. The reference samples
were used to subtract off the unknown thermal
properties of the insulation layers. The figure of
merit ZT was evaluated from the electrical conduc-
tivity, Seebeck coefficient, and thermal conductivity
results.
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Fig. 4. (a) Surface and cross-section micrograph of as-grown and annealed at 573 K n-type bismuth telluride thin films. (b) Surface and cross-
section micrograph of as-gown and annealed at 523 K p-type bismuth telluride thin films.

RESULTS AND DISCUSSION the thickness of the microparticles was about only
10 nm by SEM imaging. These particles were
observed even after the annealing process. Nano-
meter-sized holes were observed on the surface of
the annealed thin films. Deposited thin films had

The surface and cross-section morphologies of
both as-grown and annealed bismuth telluride thin
films were investigated by means of SEM (Fig. 4).
Microparticles were observed on the films, although
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Fig. 5. (a) Atomic compositions of n-type bismuth telluride thin films.
(b) Atomic compositions of p-type bismuth telluride thin films.

high density based on cross-section imaging, although
some nanoholes were observed on the surface. Only
materials on the surface were evaporated during
the annealing process. The annealed thin films were
slightly thinner than the as-grown films. The
thicknesses of the n- and p-type thin films were
about 230 nm and 180 nm, respectively.

The EDS results provide the atomic compositions
of the as-grown n- and p-type bismuth telluride and
resulting bismuth telluride annealed thin films
(Fig. 5). The atomic compositions of the as-grown
bismuth telluride thin films and annealed thin
films were the same as for bulk material at 473 K,
523 K, 573 K, and 623 K for the n-type films and at
473 K, 523 K, and 573 K for the p-type films. The
atomic composition of antimony is decreased at
623 K for p-type bismuth telluride. Similar results
were reported in previous work, although the thin
films were made by a flash evaporation method.®
We confirmed that the coaxial-type vacuum arc
evaporation method can be applied for fabrication
of both n-type and p-type bismuth telluride thin
films.

The XRD patterns of the bismuth telluride thin
films are shown in Fig. 6. The diffraction patterns of
the thin films clearly reveal the effects of the

annealing conditions on the film crystalline struc-
tures. The as-grown thin films had weak and broad
diffraction peaks, indicating low crystallinity. The
diffraction peaks of the n-type thin films were strong,
and they exhibited preferred orientation along the
c-axis with higher annealing temperatures. Similar
effects of annealing on bismuth telluride films have
been reported.””1¥ Similar results were obtained for
the p-type films, although the optimum annealing
temperatures were 573 K and 623 K for the n-type,
and 523 K for the p-type films. The thickness of the
p-type thin film annealed at 623 K was too thin
owing to tellurium and antimony evaporation during
the annealing process as shown in Fig. 5b.

The thermoelectric properties were measured at
room temperature as shown in Fig. 7. The p-type
thin film annealed at 623 K was too thin to mea-
sure its Seebeck coefficient and electrical conduc-
tivity. The electrical conductivity was increased
upon annealing, although the carrier concentration
decreased. The mobility was increased by the
annealing process due to crystal grain growth. The
highest electrical conductivity of 470/Q-cm was
found for the n-type thin film annealed at 523 K.
The measured electrical conductivity corresponds
to the surface resistance of 93 /1], and it is poorer
than the value (22 Q/(0) reported for film prepared
by a vacuum arc plasma method.'® The Seebeck
coefficient of the n-type thin film was improved by
the annealing process. The highest power factor of
n-type thin film was 10 xW/(cm K?) when annealed
at 573 K. Its electrical conductivity was 417/Q-cm,
and its Seebeck coefficient was —155 uV/K. The
electrical conductivity of the p-type thin film was
improved upon annealing, but decreased with
annealing temperatures higher than 573 K. The
crystal grains grew in the annealing process, but
tellurium and antimony evaporated gradually, as
shown in Fig. 5b. Both the carrier mobility and
concentration decreased. The highest power fac-
tor of p-type thin film was 7.1 uW/(cm K?) when
annealed at 523 K. The measured electrical con-
ductivity was 211/Q-cm, and the Seebeck coefficient
was 183 uV/K.

The cross-plane thermal conductivity was mea-
sured at room temperature by the differential 3w
method!”?%?! to evaluate the nondimensional figure
of merit of the films. The measured thermal con-
ductivity was in the range of 0.21 W/(m K) to
0.61 W/(m K) for n-type and 0.25 W/(m K) to
0.80 W/(m K) for p-type. The average thermal con-
ductivity of both n- and p-type thin films was
0.35 W/(m K) and 0.52 W/(m K), respectively. The
measured thermal conductivities were lower than
those of other thin films.'”'® The figure of merit ZT
was calculated from the electrical conductivity, the
Seebeck coefficient, and the average thermal con-
ductivity. The highest ZT was 0.86 for n-type and
0.41 for p-type, for annealing temperature of 573 K
and 523 K, respectively.
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Fig. 6. (a) x-Ray diffraction patterns of n-type bismuth telluride thin films. (b) x-Ray diffraction patterns of p-type bismuth telluride thin films.

CONCLUSIONS

We proposed fabrication of both n- and p-type
bismuth telluride thin films using a coaxial-type
vacuum arc evaporation method. The atomic com-
positions of the as-grown thin films and several
annealed thin films were comparable to that of bulk
bismuth telluride. The thermoelectric properties of
the bismuth telluride thin films were significantly
improved by the annealing process. The crystalli-
zation and orientation of the thin films were
enhanced along the c-axis. The highest ZT value
was 0.86 and 0.41 for n- and p-type, for annealing

temperature of 573 K and 523 K, respectively. We
confirmed that the coaxial-type vacuum arc evapo-
ration method can be applied for fabrication of both
n-type and p-type bismuth telluride thin films,
although it is necessary to measure the in-plane
thermal conductivity as well as the in-plane elec-
trical properties for further discussion. The thin-
film thickness can be easily controlled due to the low
deposition rate of the coaxial-type vacuum arc
evaporation method. The method can be applied for
fabrication of thin films of several nanometer
thickness, such as superlattice structures.
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Fig. 7. (a) Annealing temperature dependence of thermoelectric properties of n-type BixTes thin films. (b) Annealing temperature dependence of
thermoelectric properties of p-type Bi,Tes thin films.
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