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Abstract

(Bi,Tes)o2(SbaTes)os compounds thin films on glass substrates are fabricated by a
flash evaporated deposition method. In order to enhance the performance of the thin
films, annealing in an argon atmosphere is carried out for 1 hour in the temperature
range from 200 to 400 °C. The structure of the thin films, in terms of homogeneity and
crystalline quality, is investigated by means of x-ray mapping and x-ray diffraction
pattern respectively. The cross-sectional microstructure is examined using scanning
electron microscopy. We confirm that as-grown (BiyTes)2(Sb,Tes)ps compounds thin
film has mostly homogeneous structure except the portion of sticking particles. The
crystalline quality of the thin films is improved and the size of crystal grains is grown
up to the same size of the film thickness as higher annealing temperature. The transport
properties of the thin films, in terms of the electrical resistivity, Seebeck coefficient and
thermoelectric power factor are determined at room temperature. By optimization of
annealing conditions, it is possible to obtain the high-performed thin film with a
thermoelectric power factor of 12.2 pW cm™ K2 We consider that the performance of
the thin films are enhanced for optimized annealing because electrons can pass through
smoothly in the thin films for the grain growing as well as the reduction of crystal

boundaries.

1. Introduction

Bismuth telluride based alloys have been an attractive thermoelectric material
widely used in cooling devices and proposed for energy conversion applications around
room temperature. These thermoelectric devices can be almost maintenance free and
downsizing because of no moving parts. It is possible to extend the applications of
thermoelectric devices for their feature of downsizing. Micro-thermoelectric cooling is a
suitable technique for the local cooling of micro-sensors and devices as it can be
microelectronically integrated [1,2]. Micro-thermoelectric generating can supply small
electric power to low power devices and actually have been equipped into wrist watches
[3].

The primary candidate technology for downsizing of thermoelectric devices is to

apply semiconductor-processing technologies including thin film fabrication. The key



issue of micro-thermoelectric devices is how to fabricate thin films with high
performance. The performance of thermoelectric materials depends on the
thermoelectric figure-of-merit of the material, ZT, which is defined as ZT= S*T/px,
where S is the Seebeck coefficient, p is the electrical resistivity, x is the thermal
conductivity, and T is the absolute temperature. The product S*/p is defined as the power
factor. The power factor should be maximized while the thermal conductivity should be
reduced in order to achieve high efficiency thermoelectric materials. Recently, progress
has been made in improving the figure-of-merit of thin film thermoelectric materials
and a significant improvement in thermoelectric figure-of-merit may also be achieved
by employing superlattice or quantum well structures [4,5].

There are presented many deposition techniques such as flash evaporated deposition
[6-8], co-sputtering [9,10], pulsed laser deposition [11,12], metal organic chemical
vapor deposition (MOCVD) [13,14] and molecular beam epitaxy (MBE) [15-17]. Thus,
although there are many deposition techniques, sufficient results for the stage of
practical use have not been achieved yet because of higher production cost for
expensive equipments or inadequate thin film properties. In these deposition methods,
we employ the flash evaporated deposition method as the fabrication of bismuth
telluride based alloys thin films. This deposition method has a possibility of low
production cost because of the simple system that only includes vacuum chamber with
particles holder, tungsten heater for evaporation and substrate holder. On the other hand,
the performance of the thin films is relativity low without annealing. In fact, annealing
processes are known to enhance the transport properties [18,19]. However, there are few
reports of linking a structural feature by the effect of annealing and that of transport
properties on the thin films fabricated by flash evaporated deposition.

In this study, the structure and transport properties of (Bi,Tes)o2(SbaTes)os
compounds thin films on glass substrates and their dependence of various annealing
conditions are reported. (BiyTes)o2(SboTes)os compounds thin films are deposited by
flash evaporated deposition method. The powders for the thin film deposition are

polycrystalline spherical shape with averaged size of 20pm.

2. Experiment

(Bi,Tes)o2(SbaTes)os compounds thin films are prepared by flash evaporated
deposition method. A schematic of our experimental flash evaporated deposition setup
(ULVAC VPC-260) is illustrated in Fig. 1. The vacuum chamber is mainly composed of
powder vessel with guide, tungsten heater for evaporation and substrate holder. The

distance between tungsten heater and substrate is 30mm. The tungsten heater is made a



slight depression (50mm length, 10mm width, 2mm depth) to protect powders spilling
out from the heater. The guide is made from stainless steel and covered with Teflon thin
film for powders passing through smoothly to the heater. We prepare spherical powders
averaged size of 20um to control their flow precisely. The powders are confirmed to be
stoichiometry by EDX (Energy-dispersive x-ray spectroscopy). Figure 2 shows the
surface morphology of (BiyTes)2(Sb,Tes)os compounds powders by SEM (secondary
ion mass-spectroscopy). There are many lines on the surface and it is reveals that the
powders are polycrystalline. First, we set 5g of (BiyTes)o2(SboTes)os compounds
powders in the vessel and glass substrate (Cornig 7059, 55mm length, 25mm width,
t1.1mm thick) on the holder then vacuum the chamber up to 1.4 x 10~ Pa. Second, 80A
of current is pass through the heater and wait until the substrate temperature reaches at
200°C. Third, the powders are led on the heater then evaporated them on the glass
substrate. The thickness of the completed thin film is 0.5 um.

We confirm the surface morphology and homogeneity of the deposited
(Bi,Tes)o2(SbaTes)ps compounds thin film by means of SEM and x-ray mapping
respectively (Fig. 3). The SEM image shows that several crater-like spots and black
spots appear on the as-grown thin film. The cause of the appearance of these spots may
due to the arrival of incomplete melted powders from the heater. Some of those powders
keep sticking on the substrate, and other those of powders stick on the substrate first and
then remove from the substrate. It is necessary to improve the deposition condition for
keeping the thin film with surface cleanness in the future. X-ray maps are obtained to
determine the distribution of different elements in the thin film. These maps are
obtained from same regions, as shown in the SEM image. Figure 3 illustrates the
presence of the elements bismuth, tellurium, and antimony in the thin film. It is noted
that all elements in the thin film are mostly obtained homogeneous distribution except
the crater-like spots.

In order to examine the effect of annealing condition precisely, we choose a thin
film sample with uniform thickness and properties in the thin film, and then cut it into
small fragments (25mm length, 4mm wide). The annealing conditions are that
temperatures range from 200 °C to 400 °C for 1 hour in argon ambient. The structure of
the thin films, in terms of microstructure and crystalline quality, is investigated by
means of SEM and x-ray diffraction pattern respectively. The transport properties of the
thin films, in terms of the electrical resistivity, Seebeck coefficient and thermoelectric
power factor, are determined at room temperature. The electrical resistivity is
determined by a 4 point-probe method. The Seebeck coefficient is measured by

applying a temperature gradient along the in-plane direction, while monitoring the



resulting Seebeck voltage.

3. Results and discussion

The structure of annealed (BiyTes)o2(Sb,Tes)os compounds thin films, in terms of
cross-section and surface microstructure, is investigated by means of SEM (Fig. 4). The
SEM micrographs clearly show the grain size differences. The as-grown thin film is not
observed grains on this magnification of the micrograph. It is noted that the thin films
fabricated by flash evaporated deposition technique are laid on substrates rapidly so that
there is no time to re-crystallize sufficiently at the substrate temperature of 200 °C. At
annealing temperature of 200 °C, we confirm the grains where the size is approximately
50 ~100 nm. As annealing temperatures increase, the grain size of the thin films is
enhanced. Finally, the grain size of the thin film reaches the same as the film thickness
at annealing temperature of 400 °C. However, the thin film at annealing temperature of
400 °C deteriorates and is porosity. We consider that some elements in the thin film are
evaporated during the excessive annealing condition.

X-ray diffraction (XRD) patterns of (Bi,Tes)o2(SbaTes)os compounds thin films are
shown in Fig. 5. The diffraction patterns of the thin films clearly reveal the effect of
annealing condition. The as-grown thin film has weak and broad diffraction peaks that
imply small grain size. The averaged grain size estimated as 5.5 nm by Scherrer’s
equation. The diffraction peaks of the thin films are enhanced but the crystal orientation
still remain random as annealing temperature increase. However, the diffraction peaks at
annealing temperature of 400 °C are smaller than those of 350 °C. This is because there
are many porous in the thin film at annealing temperature of 400 °C so that the intensity
of x-ray diffraction becomes weak.

The transport properties, in terms of electrical resistivity, Seebeck coefficient and
power factor, of (Bi,Tes)o2(SbaTes)os compounds thin films are estimated at room
temperature. Figure 6 shows annealing temperature dependence of transport properties
on (Bi,Tes)o2(SbaTes)os compounds thin films. We insert the data of the transport
properties of as-grown thin film on the same temperature at annealing temperature of
200 °C. This is because the substrate temperature on the thin film deposition is fixed at
200 °C. By treatment of annealing at temperature of 200 °C, the electrical resistivity
significantly reduces by 45% compared to that of as-grown thin film. The electrical
resisitity of the thin films further reduces as annealing temperature increases, and it
reaches 1.84 mQ *cm at annealing temperature of 400 °C. On the other hand, Seebeck
coefficient of the thin films between as-grown and annealing temperature of 200 ~ 250

°C is approximately same value. As annealing temperatures increase, the Seebeck



coefficient of the thin films improves and it reaches 218.2 uV/K at annealing
temperature of 300 °C. However, the Seebeck coefficient of the thin films decreases at
annealing temperature over 350 °C. The correlation of the dependence of annealing
temperature between the electrical resistivity and Seebeck coefficient is complicated. It
is possible to divide into two regions bordering on the annealing temperature of 300 °C.
The electrical resistivity p is given as p=1/(qnu), where n is the carrier concentration,
u is the mobility. Seebeck coefficient is expressed as,

S = (k/q)[r + 2 +In(N/n)], (1)
where k is the Bolzmann’s constant, r is the scattering parameter, N is the density of
states[20]. In the presence of impurities, the scattering parameter is equal to 2, while r =
0 for the atomic lattice. In the region of annealing temperature under 300 °C, the
electrical resistivity of the thin films reduces but Seebeck coefficient mostly keeps
constant. It is possibly shown that the mobility is enhanced for reducing the carrier
scattering on the grain boundaries while the carrier concentration and impurities mostly
keep constant. In another region of annealing temperature over 300 °C, the electrical
resistivity of the thin films still reduces when Seebeck coefficient decreases. It is
possibly noted that the mobility is still enhanced for the large scale of the grains of the
thin films. However, the carrier concentration increases for the evaporation of some
elements in the thin film then Seebeck coefficient decreases. This phenomenon is
consistent with the SEM image at annealing temperature of 400 °C. Finally, the

thermoelectric power factor reaches 12.2 uW cm™ K at annealing temperature of 300
°C.

4. Conclusion

(Bi,Tes)o2(SbaTes)os compounds thin films on glass substrates are fabricated by a flash
evaporated deposition method. For the controlling precise powers flow, we prepare
spherical powders averaged size of 20um. In order to enhance the performance of the
thin films, annealing in an argon atmosphere is carried out for 1 hour in the temperature
range from 200 to 400 °C. The structural properties of the thin films are investigated
using x-ray mapping, SEM micro-morphology and x-ray diffraction pattern. The
transport properties of the thin films are estimated by the electrical resistivity, Seebeck
coefficient and thermoelectric power factor. It is shown that the grain size of the thin
films is enhanced as annealing temperature increases but the excessive annealing
condition causes porous thin films for the evaporation of some elements. This
deterioration of the thin film at the higher annealing temperature is consistent with the

transport properties. It is found to obtain the high-performed thin film with a



thermoelectric power factor of 12.2 uW cm™ K™ at annealing temperature of 300 °C.
For more improving the properties of (BiyTes)o2(SbyTes;)os compounds thin films, it is

necessary to optimize the thin film deposition conditions.
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