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Abstract

Bismuth telluride thick films are suitable for thermoelectric (TE) devices covering large areas and operating
at small-to-moderate temperature differences (20 - 200 K). High efficiency and high coefficient of perfor-
mance (COP) are expected to be achieved by using thick films in some cooling applications. Bismuth tellu-
ride thick films fabrication have been achieved with Galvanostatic and Potentionstatic deposition. Stoichi-
ometric bismuth telluride thick film was obtained by Galvanostatic deposition at current density of 3.1
mA-cm 2. Bismuth telluride films with average growth rate of 10 pmh™' and different composition were ob-
tained. Effects of current density and composition of electrolyte in Galvanostatic deposition were studied.
The current density affected the film compactness, where films deposited at lower current density were more
compact than those deposited at higher current density. The morphology of the films did not depend on the
current density, but chemical composition was observed when different composition of electrolyte was used.
Effects of distance between electrodes, composition of electrolyte solution, and stirring in Potentionstatic
deposition were studied. The shorter the distance between electrodes, the higher the electric field, thus the
higher current density was applied and the deposited film was less compact. The current density increased
more rapidly with stirring during electrodeposition which leads to less compact film. Through this study,
films electrodeposited from solution containing 0.013 M Bi(NO3);:5H,0, 0.01 M TeO, and 1 M HNO; at 3.1
mA-cm * for 6 hours without stirring and with inter-electrode distance of 4.5 cm were free-standing with av-
erage film thickness of 60 um and optimum film composition of Bi,Tes. The crystallite size of the later films
was found to be around 4.3 nm using Scherrer’s equation from XRD patterns. Also, negative Seebeck coeffi-
cient for the same samples was revealed with an average value of —82 pV-K ™'
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1. Introduction

Thermoelectric (TE) materials can convert the difference
in temperature into electric voltage and vice versa. The
performance of TE materials is measured by TE dimen-
sionless figure-of-merit, ZT [1]:
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where S Seebeck coefficient in volts per Kelvin, o elec-
trical conductivity in Siemens per meter, x thermal con-
ductivity in Watts per meter Kelvin; includes electronic
(x.) and lattice thermal conductivity (x;), T temperature
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in Kelvin.

The past two decades from 1990 have witnessed an
increased interest for TE and significant research efforts.
Attempts for improving TE material properties can be
summarized into two different research approaches: one
identifying new families of advanced bulk TE materials,
and the other using low-dimensional material systems [2].
For the advanced bulk material approach, host-guest
crystal structures with rattling atoms, e.g. skutterudites,
clathrates and half-hausler materials, were introduced [3].
This is also called “phonon glass electron crystal” ma-
terial. The skutterudites, such as CeFe;CoSb,,, with Ce
as ‘rattler’ atoms in atomic cages, are a family of com-
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pounds that has a potential for remarkable performance
improvement since their thermal conductivity is rela-
tively low. Regarding the low-dimensional material ap-
proach, the introduction of nano-structured (NS) consti-
tuents would introduce quantum-confinement effects to
enhance the power factor, S°c. More importantly, NS
materials with grain size in the nanometer regime have
significant amount of grain boundaries. Grain boundaries
are more selective for the diffraction of phonon as com-
pared to that of electrons. This would result in a signifi-
cant decrease in thermal conductivities and a relatively
smaller decrease of electrical conductivity, which leads
to an improvement of the Z7.

Nanostructured (NS) materials are known to exhibit
different physical properties than in bulk structure. Their
grain boundaries become predominant in determining the
materials’ properties. With the selective scattering pho-
nons by the grain boundaries, the lattice thermal conduc-
tivity of a nanostructured TE material can be lowered,
resulting in an enhancement of TE performance. Bismuth
telluride is a TE material that can be used for cooling
application devices due to its superior TE dimensionless
figure of merit, ZT, near room temperature [2]. By vary-
ing the composition from its stoichiometric composition
(Bi,Te;), bismuth telluride can be tailored to be n-type
(Bi,xTes) or p-type semiconductors (BiyiTes;—). Bis-
muth telluride films and powder can be synthesized by
various methods (evaporation, MOCVD, ball milling and
electrodeposition) [4,5]. Electrodeposition technique is
an attractive technique because it has many advantages
including cost-effectiveness, rapid deposition rates, etc.
Novel TE module technology based on thick films exhi-
bits 1) more suitable for application in devices covering
large areas and operating at small to moderate AT, 2)
influence of electrical and thermal contact and spreading
resistance is low, and 3) high efficiency and high coeffi-
cient of performance (COP) can be achieved with flux
quantities being about one order of magnitude larger than
conventional devices. NS bismuth telluride thick films
with a thickness up to 350 um have been obtained, with a
very high homogeneity and a high electrical conductivity
[6]. Also, annealing and doping (n/p-type) effects on the
thick films have been investigated [7].

In order to enhance the performance of nanostructured
bismuth telluride, electrodeposition conditions must be
further optimized. The aim of this work is to manipulate
and to optimize the different parameters controlling the
electrochemical deposition of bismuth telluride thick
films to abstract the best deposition conditions to shed
more light on the process as part of full comprehensive
plan to enhance the figure-of-merit. These parameters
include current density, deposition potential, Bi and Te
concentrations, stirring and inter-electrodes separation
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distance were studied to optimize Bi,Te; thick films.
2. Experimental
2.1. Solutions and Samples Preparation

The electrolyte solution was prepared by adding the
weighted amounts of Bi(NO;); SH,O and TeO, powders
in a beaker filled with deionized water with continuous
stirring on hot plate and slowly adding the measured vo-
lume of HNOj; to the solution. The solution was kept
boiling until it became clear. The beaker was taken off
from the hot plate and the solution was left to cool down
to room temperature. The electrolyte solution was trans-
ferred into the volumetric flask. The washing bottle with
deionised water was used to wash the remaining solution
from the beaker and the water was then transferred into
the volumetric flask. This was repeated until the solution
reached the 1000 ML mark. It was transferred into the
tightly closed bottle to avoid the evaporation during the
storage. Nitrogen gas was bubbled into the electrolyte for
10 minutes to remove oxygen from the solution prior to
the electrodeposition.

99.99% aluminum plate of thickness 0.1 mm was used
as the base of working electrode. The plate was cut into
strips of 1 cm width, polished by diamond paste, and cut
into pieces of about 3.5 cm length each. They were then
washed by acetone with ultrasonicator, deionised water,
and ethanol, and left to dry in air. They were sputtered
with gold ~100 nm thick on one side and then coated the
non-sputtered side for insulation and coated sputtered
side leaving area of 2 cm” sputtered gold for deposition
of bismuth telluride onto the substrate and top part of the
substrate for connecting with Potentiostat/Galvanostat.
The substrate was washed with deionised water before
use. The platinum counter electrode was flattened and
then washed with concentrated HNO; and deionised wa-
ter. The growth time was around 6 hours.

2.2. Deposition Conditions

2.2.1. Galvanostatic Deposition

Galvanostatic deposition of bismuth telluride films was
done in two-electrode cell at room temperature. The ef-
fects of current density and composition of the electro-
lyte solution on morphology, compactness, and stoi-
chiometry of films were studied as the conditions stated
in Table 1.

2.2.2. Potentionstatic Deposition

A voltammogram was obtained by a three-electrode cell
connected to an EG&G Princeton Applied Research
263A Potentiostat/Galvanostat at room temperature. The
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Table 1. Conditions for Galvanostatic deposition of bismuth
telluride films.

Current Density Composition of Electrolyte

Sample (mA-em ) Bi (M):Te (M) Bi:Te
G-1 3.1 0.013:0.010 43
G2 35 0.013:0.010 43
G-3 35 0.0033:0.020 1:6

electrolyte solution was deaerated by bubbling nitrogen
through the solution for 10 minutes prior the experiment.
All potentials were measured and were expressed relative
to the aqueous AgCl saturated calomel electrode (SCE),
reference electrode (RE). The gold sputtered aluminum
sheet with area of 2 cm” was used as working electrode
(WE). The counter electrode (CE) was a platinum plate
with area (~6 cm?®) larger than the working electrode.
0.013 M of bismuth nitrate pentahydrate [Bi(NO;);-5
H,0], 0.01 M of tellurium dioxide (TeO,), 1 M of nitric
acid (HNO;), and deionised water; 1 liter of electrolyte
solution was prepared. This concentration was deter-
mined by the previous work of Miyazaki, ef al. [8]. This
is referred as solution a in this work. Another electrolyte
solution was prepared in order to study the change in
composition if the electrolyte solution was tellurium rich
solution with 0.0033 M Bi(NOs);'5 H,O, 0.02 M TeO,,
and 1 M HNOs;, and deionised water; 1 liter of electrolyte
solution was prepared. This is referred as solution b in
this work. Potentionstatic deposition of bismuth telluride
films was done in three-electrode cell with reference
electrode facing the working electrode and about 0.5 cm
apart from each other at room temperature. The voltam-
mograms for both solutions were obtained from 0.4 V to
—0.6 V at the scan rate 0.5 mV-s . The effects of dis-
tance between electrodes, stirring, and composition of
the electrolyte on morphology, compactness, and stoi-
chiometry of films were studied and the preparation con-
ditions are summarized in Table 2.

2.3. Film Characterization

After electrodeposition, samples were removed from the

electrolyte, rinsed with water and ethanol, and dried in
air. XRD patterns of the films were obtained using a
Philips PW 1012/20 and 3020 diffractometer with Cu
Ko, radiation. The average crystallite size, D, could be
calculated from the peak broadening of the diffraction
pattern, using Scherrer’s equation [9], D = 0.94/(fcos6),
where £ is the pure diffraction line width, full width at
half maximum, and 4 is X-ray wavelength (Cu Ka,, 1 =
1.54056 A). Electrodeposited bismuth telluride thick
films were imaged with scanning electron microscopy
(SEM, JEOL JSM-888) equipped with energy dispersive
X-ray spectrometer (EDS) which was used for composi-
tion analysis. The thickness of the films was determined
by measuring the edge of the film from the side under
SEM.

2.4. Seebeck Coefficient Measurement

Seebeck coefficient of film electrodeposited from solu-
tion containing 0.013 M Bi(NOs);-5H,0, 0.01 M TeO,
and 1 M HNO; at 3.1 mA-cm 2 for 6 hours without stir-
ring and with inter-electrode distance of 4.5 cm has been
measured. The Seebeck Microprobe (SMP) is a device
for measuring the Seebeck coefficient on the sample
surface with a spatial resolution down to 10 - 50 um
(depending on the thermal conductivity of the material).
A heated probe tip is positioned onto the sample surface.
The sample is fixed in good electrical and thermal con-
tact to a heat sink and is connected to another thermo-
couple measuring the sink temperature. The heat flow
from the probe tip to the sample causes a local tempera-
ture gradient in the vicinity of the tip. Mounting the
probe to a three-dimensional micropositioning system
allows for the determination of the thermopower at each
microposition of the sample surface. The result is a two-
dimensional image of the Seebeck coefficient [10,11].
Special sample holders have been developed to me-
chanically fix thick films as well to ensure simultane-
ously good electrical and thermal contact as a precondi-
tion for a high quality measurement. The SMP apparatus
has been improved by adding an electronic contact de-
tection system so that the probe tip will stop its move-
ment immediately after touching the sample to avoid

Table 2. Conditions for Potentionstatic deposition of bismuth telluride films.

Composition of Electrolyte

Sample Potential vs. SCE (mV) Stirring Distance between Electrodes (cm)
Bi (M):Te (M) Bi:Te
P-1 -120 0.013:0.010 4:3 No 45
P-2 -120 0.013:0.010 4:3 No 3
P-3 -120 0.013:0.010 4:3 Yes 45
P-4 -120 0.0033:0.020 1:6 No 45
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destruction of the films.

Seebeck coefficient measurement is a tool to detect the
distribution of different electrically active components in
the materials. It is capable of detecting functional inho-
mogeneities, different phases, even small differences in
doping concentration, which cannot be detected by other
surface analysis methods such as SEM, EDS, etc. Meas-
uring the Seebeck coefficient of films could be difficult,
because the local temperature gradient caused by the
probe tip can also heat the materials of the supporting
substrate, yielding an integration of the Seebeck coeffi-
cient of the sample and the substrate. If the substrate has

a very low thermal coupling, this effect will be negligible.

The TE thick films were deposited onto Au-coated Al
substrate with very good thermal coupling, which could
lead to erroneous measurements. Taking into account the
thickness of the samples of more than 100 pm, this effect
will disappear or at least attenuate, because the local
temperature gradient will not exceed a certain depth of
an estimated 50 pm in bismuth telluride. Recent results
show that indeed it is now possible to measure the influ-
ence of a substrate and estimate the depth of temperature
gradient [12].

3. Results and Discussion
3.1. Voltammetry

The electrochemical deposition of bismuth telluride has
been well investigated [13]. Bismuth nitrate pentahydrate
and tellurium dioxide were dissolved in nitric acid to
make the oxide cations, BiO" and HTeO,". Bi,Te; is in-
soluble in dilute HNO;, so reduction of HTeO," to Te* at
the cathode will result in the precipitation of Bi,Te; on
the cathode surface. The overall reaction for the process
is:

13H" +18¢™ +2BiO* +3HTeO; — Bi,Te, ., + 8H,0 (2)

(s)

Martin-Gonzalez, et al. [14] found that when there is
only HTeO; in nitric acid solution, reduction of ca-
tions occurred at around —240 mV and —600 mV. Fleu-
rial, et al. [15] found that BiO" was reduced to Bi’
around —100 mV. It is noteworthy that solution a was
bismuth-rich while solution b was tellurium-rich. Due to
more concentration of BiO” in solution a than HTeO,",
the potential range (0 to —300 mV, i = =3 to —3.9
mA-cm?) for electrodeposition was smaller than the po-
tential range for solution b (0 to -550 mV, i = —2.6 to
-3.8 mA-cm?).

From the previous investigation by Takahashi et al.
[13], the limiting current was affected by the concentra-
tion of Bi(NO;); 5 HyO and TeO,. The limiting current is
a diffusion current of a process limited by ion diffusions.
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The limiting current increases with the increase of ions
concentration. However, in solution b, the concentration
of BiO" cations was 0.01M less and the concentration of
HTeO, cations was 0.01M more than that of solution a,
the overall limiting current density less than that of solu-
tion a at more negative potential than —200 mV. The
cathodic current increased more rapidly at potentials
more negative than —300 mV for solution a and —550
mV for solution b.

3.1.1. Galvanostatic Deposition

In the Galvanostatic deposition experiments, different
current densities and different compositions of electro-
lyte were tested and studied. Their effects on the mor-
phology, compactness, and stoichiometry of the depo-
sited films were investigated. The potential was applied
to keep the current in the electrochemical cell constant
during the deposition experiments.

3.1.1.1. Effect of Current Density

Current densities of 3.1 and 3.5 mA-cm ™ were tested for
solution a. From low resolution SEM images as shown in
Figure 1, the film deposited at lower current density was
more compact than the film deposited at higher current
density. At higher current density, the diffusion rate of
the ions was faster and caused the deposition rate to be
faster. Thus, at higher current density, the deposited ma-
terial was 3D dendritic structure and it did not show a
compact performance.

This can be clearly seen in high resolution SEM im-
ages in Figure 2 where the fine structures on the film
obtained at the higher current density appeared ‘flaky’
and showed dendritic nanostructure in comparison to the
more compact fine grains obtained at current density of
3.1 mA-cm 2. However, the structures of both films were
very similar in the sense of the shape, dendrite, thus the
morphology does not affect by current density.

The stoichiometry was Bi,Te; for the film deposited at
current density 3.1 mA-cm 2. The ratio of Bi to Te for the
film deposited at current density 3.5 mA-cm* is 2.6:2.4.
Electrodeposited films of the same composition of elec-

(2) (b)

Figure 1. Low resolution SEM image of Bi,Te; thick films
deposited Galvanostatically, (a) Sample G-1 and (b) Sample
G-2 in Table 1.
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(a) (b)

Figure 2. High resolution SEM images of Bi,Te; thick films
deposited Galvanostatically; (a) Sample G-1 and (b) Sample
G-2 in Table 1.

trolyte solution did not give the same composition of the
films when it was deposited at different current density.
Te contents decreased as the current density increased
which was also observed by Michel ef al. [16]. In this
experiment, Te atomic percentage in film was less than
60% when deposition above 3.1 mA-cm* for solution a.

3.1.1.2. Effect of Composition of Electrolyte Solution
Composition of electrolyte solutions of 0.013M BiO" and
0.01 M HTeO} for solution a and 0.0033M BiO" and
0.02 M HTeO; for solution b were tested at 3.5
mA-cm 2. From high resolution SEM images shown in
Figure 3, the film deposited from solution a was less
compact with smaller structure than the film deposited
from solution b. The film deposited from solution b had
spherical structure. It has been found that the morpholo-
gy of the films significantly depends on the chemical
composition of the alloys rather than on the synthesis
conditions.

The stoichiometry of bismuth telluride films was
Biy¢Te, 4 for solution a (sample G-2) and Bij;Te,; for
solution b (sample G-3). The high Bi and low Te con-
tents film from solution a was formed by agglomerated
polycrystalline forming incoherent deposit. The low Bi
and high Te contents film from solution b was formed by
small crystals forming a coherent or compact deposit.

3.1.2. Potentiostatic Deposition

In the Potentionstatic deposition experiments, different
distances between electrodes, different stirrings, and dif-
ferent composition of electrolytes were tested and stu-
died. Their effects on the morphology, compactness, and
stoichiometry of the deposited films were investigated.
The current was applied to keep the potential in the elec-
trochemical cell constant during the deposition experi-
ments. The potential of =120 mV was used for deposi-
tion of the films. The morphology was determined by
SEM and the stoichiometry of the films was determined
using EDS.

3.1.2.1. Effect of Distance between Electrodes
Distances between electrodes of 3 and 4.5 cm were

Copyright © 2011 SciRes.

tested for solution a. From low resolution SEM images
as shown in Figure 4, the film deposited with longer
distance (sample P-1), was more compact than the film
deposited with shorter distance (sample P-2). The poten-
tial applied for both case was the same, however the
electric field was depended on the distance between
electrodes. The shorter the distance between electrodes,
the higher the electric field, thus the higher current den-
sity was applied due to Ohm’s Law. As mentioned be-
fore in the Galvanostatic deposition that at higher current
density, the deposited film was less compact due to the
diffusion rate of ions. Higher resolution SEM images
showed that the morphology of both samples were simi-
lar, thus the morphology does not depend on the distance
between electrodes.

The stoichiometry was Bi,sTe,, for sample P-1 and
Bi, ;Te,; for sample P-2 Electrodeposited films from the
same electrolyte solution did not give the same composi-
tion of Bi:Te in the films when it was deposited at dif-
ferent distance between electrodes. The shorter the dis-
tance, the higher current density, thus Te contents should
decrease. However, the Te contents increased when the
distance between electrodes was shorter. The lower con-
tents of Te could refer to the change in the flow mechan-
ism from laminar into turbulent caused by the vigorous
oxygen evolution at the counter electrode surface due to
the short inter-electrode distance or, consecutively, the
higher current density [17].

@ b

Figure 3. High resolution SEM images of Bi,Te; thick films
deposited Galvanostatically at 3.5 mA cm™ from solution a;
(a) sample G-2 and from solution b; (b) sample G-3 in Ta-
ble 1.

Figure 4. Low resolution SEM images of Bi,Te; thick films
deposited Potentiostatically at —120 mV with 4.5 cm; (a)
Sample P-1), and with 3 cm (b) sample P-2 in Table 2.

ENG



664 H.M. A. SOLIMAN ET AL.

3.1.2.2. Effect of Stirring

Electrodeposition with and without stirring was tested for
solution a. From high resolution SEM images as shown
in Figure 5, the film deposited without stirring (sample
P-1), was more compact than the film deposited with
stirring (sample P-3). The images also showed that the
morphology of both samples was similar, dendritic, thus
the morphology does not depend on stirring.

From voltammogram shown in Figure 6, the current
density increased more rapidly with stirring compared to
the electrodeposition current density without stirring.
Stirring increased the rate of diffusion of ions, thus cur-
rent density increases, resulting in less compact film. The
stoichiometry was Bi, gTe,, for sample P-1 and Bi,;Te;3
for sample P-3 Electrodeposited films of the same com-
position of electrolyte solution did not give the same
composition of Bi:Te in the films when it was deposited
at different stirring rates. The more stirring, the higher
current density it was, thus Te contents should decrease.
However, the Te contents increased with stirring and
could be explained as the same previously mentioned
reason on studying the effect of distance between elec-
trodes [17].

@ (b)

Figure 5. High resolution SEM images of Bi,Te; thick films
deposited Potentiostatically at -120 mV with no stirring; (a)
Sample P-1 and Sample P-3 Table 2.
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Figure 6. Voltammogram of solution a with a scan rate of
0.5 mV-s"', with and without stirring.

Copyright © 2011 SciRes.

3.1.2.3. Effect of Composition of Electrolyte Solution
Composition of electrolyte solutions of 0.013M BiO" and
0.01M HTeO," for solution a and 0.0033M BiO" and
0.02M HTeO," for solution b were tested at -120 mV.
From high resolution SEM images shown in Figure 7,
the film deposited from solution a was less compact with
smaller structure than the film deposited from solution b.
The film deposited in solution b had spherical dendrite
structure. As mentioned before, the morphology of the
films depends on the chemical composition of the alloys.
The stoichiometry was Bi,sTe,, for sample P-1 and
Big4Tes6 for sample P-4 The high Bi and low Te con-
tents film from solution a was formed by agglomerated
polycrystalline forming incoherent deposit, thus formed
smaller structure. The low Bi and high Te contents film
from solution b was formed by small crystals forming a
coherent deposit, however not as compact as a film.

3.2. Microstructure and Seebeck Coefficient

3.2.1. Microstructure
Through the previous study, films electrodeposited from
solution a at 3.1 mA-cm > for 6 hours without stirring
and with inter-electrode distance of 4.5 cm were free-
standing samples and the best accomplishment in this
study. Figure 8 shows the main features of the mor-
phology at these conditions along with the average
thickness of ~60 pum (inset), the growth rate was 10
pm-h™' ,while the EDS analysis, Figure 9 and Table 3,
give the film composition as Bi, pssTes.9745 or ~ BiyTes.
Figure 10 shows the typical XRD pattern of film elec-
trochemically deposited from solution a at 3.1 mA-cm >
for 6 hours without stirring and with inter-electrode dis-
tance of 4.5 cm. It is observed that the film is polycrys-
talline bismuth telluride with the (110) as the prominent
plane parallel to the substrate. According to the standard
ICDD PDF card (08-0021), all of the detected peaks are
indexed as those from the rhombohedra Bi,Te; crystal
and no second phase has been detected. The average
grain size of the films was calculated to be 4.3 nm based
on Scherrer’s equation.

@ (b)

Figure 7. High resolution SEM image of Bi,Te; thick films
deposited Potentiostatically at -120 mV from solution a (a)
Sample P-1) and solution b, (b) Sample P-3.
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Figure 8. SEM micrograph of Bi,Te; film deposited Galva-
nostatically at 3.1 mA-cm > for 6 hours without stirring and
with inter-electrode distance of 4.5 cm. Average thickness
of ~ 60 pm (inset).

3.2.2. Seebeck Coefficient

Figure 11 shows the spatial distribution of the Seebeck
coefficient of the film electrochemically deposited from
solution a at 3.1 mA-cm > for 6 hours without stirring and

with inter-electrode distance of 4.5 cm. The resolution
was 50 pm in X and Y directions. The absolute value of
Seebeck coefficient is around —82 pV-K™', which is neg-
ative and thus possessing an n-type conductivity.

The sign of Seebeck coefficient can be determined by
the two-carrier electrical conduction. Taking into account
the mixed conductivity model, the total Seebeck coeffi-
cient can be expressed as [18]:

s=(8,0,+5,0,)/(c,+0,) 3)

where S,, S, and 0, 0, are the Seebeck coefficients and
electrical conductivities for the p- and n-type carriers,
respectively. In addition:

" 3/2
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where kz is the Boltzmann’s constant, e is the electron
charge, r is the scattering factor, m" is effective mass, h
is the Planck constant, » is the carrier concentration, and
1 is carrier mobility. Since the signs of S, and S, are op-
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Figure 9. EDS elemental analysis of Bi,Te; film deposited Galvanostatically at 3.1 mA-cm? for 6 hours without stirring and

with inter-electrode distance of 4.5 cm.
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Table 3. EDS elemental Bi:Te weight % and atomic % of
bismuth telluride film electrodeposited at 3.1 mA-cm 2 for 6
hours without stirring and with inter-electrode distance of
4.5 cm.

Element Weight% Atomic%
Te 47.27 59.49
Bi 52.73 40.51
Total 100.00 100.00
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Figure 10. XRD patterns of film electrochemically depo-
sited from solution a at 3.1 mA-cm2 for 6 hours without
stirring and with inter-electrode distance of 4.5 cm.
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Figure 11. Spatial distribution of the Seebeck coefficient of
film electrochemically deposited from solution a at 3.1
mA-cm 2 for 6 hours without stirring and with inter-elec-
trode distance of 4.5 cm.

posite, tuning the concentration of holes and electrons
could change the sign of total Seebeck coefficient.

Table 3 provides the elemental analysis of the film,
showing that the film is Bi-rich (40.5 at%). Results from
other researchers [19] also demonstrate the unclear rela-
tionship between type of conductivity or carrier concen-
tration and stoichiometry of electrodeposited bismuth
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telluride films. The reason for n-type characteristics of
Bi-rich electrodeposited bismuth telluride is not clear,
but it is obvious that microstructures or structural imper-
fections at different conditions might affect the carrier
concentration of electrodeposited bismuth telluride.

4. Conclusions

Bismuth telluride thick films fabrication have been
achieved with Galvanostatic and Potentionstatic deposi-
tion. Stoichiometric bismuth telluride thick film was ob-
tained by Galvanostatic deposition at 3.1 mA-cm 2. Bis-
muth telluride films of average growth rate of 10 pm-h™"
with different composition were obtained. The effects of
current density and composition of electrolyte solution in
Galvanostatic deposition were studied. The current den-
sity affected the film compactness. The film deposited at
lower current density was more compact than the film
deposited at higher current density. The morphology of
the films did not depend on the current density, but on
chemical composition which was observed when the
different composition of electrolyte solution was used.
Effects of distance between electrodes, composition of
electrolyte solution, and stirring in Potentionstatic depo-
sition mode were studied. The shorter the distance be-
tween electrodes, the higher the electric field, thus the
higher current density was applied and the deposited film
was less compact. The current density increased more
rapidly with stirring during electrodeposition resulting in
less compact deposition. The morphology of the films
did not depend neither on the distance between elec-
trodes nor stirring rate, but chemical composition which
was observed when the different composition of electro-
lyte solution was used during Potentionstatic deposition.
From the study, electrodeposited films at higher current
density, Te contents should decrease. Since stirring and
shorter distance between electrodes increased the elec-
trodeposition current density, it was expected to obtain
film with low Te contents. However, the Te contents
increased by stirring or longer distance between elec-
trodes during Potentionstatic deposition. Films electro-
deposited from solution a at 3.1 mA-cm™ for 6 hours
without stirring and with inter-electrode distance of 4.5
cm were free-standing samples with average Seebeck
coefficient of =82 pV-K '
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