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Materials

Preparation of Bi,_Sh, Te, thermoelectric films by electrodeposition
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Abstract: Bi, Sh Te, thermoelectric films were electrochemically deposited from the solution containing Bi**, HTeO,"and ShO".
ESEM (environmental scanning electron microscope) investigationsindicated that the crystalline state of Bi,_ Sb, Te, filmstransformed
from equiaxed crystal to dendritic crystal with the negative shift of deposition potential. XRD and EDS were used to characterize the
structure and composition of the electrodeposited films. The Seebeck coefficient and the temperature dependence of the resistance of
Bi,_Sh, Te, films were measured. The results showed that the composition of the film electrodeposited at —0.5 V is Bi,sSb; ;Te; with

the largest Seebeck coefficient of 213 uVv-K=.
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1. Introduction

In the last decade, green power sources have attract-
ed much attention because of severe environmental
problem. As a green power source, the greatest virtue
of athermoelectric power generator isthat it makes use
of all kinds of heat (solar heat, ocean heat, geothermal
heat, waste heat, body heat, ezc.) to transform them to
electric power with great efficiency. It has a long
working life (over 20 years) in a wide temperature
range with highly stable performance. The power gen-
eration efficiency mainly depends on the performance
of thermoelectric materials, which can be typically
expressed by the dimensionless quantity ZT, where T'is
the temperature and Z is the thermoelectric figure of
merit. ZT=To?c/%, where o isthe Seebeck coefficient, o
isthe dectrical conductivity, and 2 is the thermal con-
ductivity. Many studies [1-6] have been done to im-
prove ZT value of the thermoelectric materialsin recent
years.

Bismuth and antimony telluride-based materials are
of great interest for thermoelectric applications in the
temperature range of 200-400 K. In general, the ther-
moelectric films of bismuth and antimony telluride-
based materia's are fabricated by chemical or physical
vapor deposition [7-8]. Compared to these techniques,
the electrodeposition may offer a simple and low cost
growth method for thermoelectric materials. The most
advantageous point of the electrodeposition is that the
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doping concentration and crystalline state of thermoe-
lectric films can be easily controlled through adjusting
the parameters of electrodeposition. M.G. Marisol et al.
[9] first reported the fabrication of high-density Sb-rich
Bi,_.Sb, Te; nanowire arrays by means of the electrode-
position technique. However, the thermoelectric per-
formance of the electrodeposited Bi,_ Sb, Te; has not
been yet examined. In this study, the electrodeposition
technology was used to prepare a Bi, Sb,Te; ther-
moelectric film. The morphology, structure, composi-
tion and the relation between the Seebeck coefficient
and the electrodeposition parameters of the film were
reported here.

2. Experimental

The Bi,_.Sb,Te; thermoelectric films were prepared
by potentiostatic electrodeposition in a three-electrode
cell consisting of a Cu plate as the working electrode, a
Pt plate as the auxiliary electrode and a saturated calo-
mel electrode (SCE) as the reference electrode. The
cyclic voltammetric curves were measured using
CHI660B electrochemical station at room temperature.
All the processes were carried out under an inert at-
mosphere (nitrogen) condition.

The electrolytes were prepared with redistilled water
to ensure the stability of ions in the solution. The Bi
and Te solution was prepared by dissolution of
Bi(NO;); and H,TeO; in 1 mol/L agueous HNO;. The
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Sb  solution was obtained by dissolution of Sb,0O; in
complexing agents such as citric acid, tartaric acid or
EDTA, to get high concentration because of low solu-
bility of Sb salts. The Bi®*, HTeO," and SbO" electro-
lyte mixtures were obtained from the above solutions.

The morphology of the Bi,_.Sb,Te; thermoelectric
films was analyzed using PHILIPS XL30 environ-
mental scanning electron microscope (ESEM). The
composition of the film was assessed by D/MAX-2500
XRD and EDS in ESEM. The Seebeck coefficient and
resistance of the thermoelectric films were measured
by the thermoelectric performance measurement sys-
tem developed by Tianjin University.

3. Results and discussion

Fig. 1(a) shows the cyclic voltammetric curve of the
Bi®*, HTeO," and SbO" electrolyte. During a cathodic
process, the curve obtained shows two reduction waves
A and B. In comparison with Fig. 1(a), the reduction
process for the Bi** and SbO* electrolyte without
HTeO," isshownin Fig. 1(b). It can befound that there
is one reduction wave D in the Bi** and SbO* electro-
lyte without HTeO,". The results imply that HTeO,"

30

20+

L
<
T

Current density / (mA-cm™)

0.6 0402 0.0 02 04 06 08 1.0
Potential / V

J. Univ. Sci. Technol. Beijing, Vol.13, No.3, Jun 2006

plays an important role in the reduction process. Previ-
ous studies have shown that HTeO," adsorbs strongly
onto Pt electrodes [10]. For this reason, the following
reaction segquence has been proposed on the formation
of Bi, ,Sh,Te, from the Bi**, HTeO," and SbO* elec-
trolyte [9]. Peak A at —0.09 V presents the reduction of
HTeO," to Te, followed by the reduction of HTeO," to
H,Tefor the peak B at —0.18 V. The potential regionis
different from the value reported by M.G. Marisol et al.
[9]. The main reason for this disagreement could be the
difference of ionic concentrations and additives. The
reactions for the peaks A and B in the nitric acid soluti-
on can be presented as;

HTeO," +3H"+4e— Te+2H,0 @
HTeO, +5H*+6e— H,Te+2H,0 2

After this electrochemical reduction, Bi®* and ShO*
in the solution react with Te or H,Te to produce
Bi,_.Sb, Te,. The overal reaction can be expressed as
follows:

3HTeO, +(2—x)Bi*+xShO*+(9+2x)H +18e—

Bi,_ . Sb Te;+(6+x)H,0 3
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Fig. 1. Cyclic voltammogramsof (a) Bi** (1.5 mmol/L), HTeO," (12.4 mmol/L), SbO* (7.2 mmol/L), tartaric acid (0.65mol/L) in
HNO;, (1 mol/L) and (b) Bi** (1.5 mmol/L), SbO* (7.2 mmol/L), tartaric acid (0.65 mol/L) in HNO, (1 mol/L). Scan rate= 100

mV-s?, Pt electrode.

In the reverse sweep, there is only one wave at 0.55
V for the oxidation of the deposit. It indicates that only
Bi,_,Sb,Te, can be obtained during the cathodic proc-
ess in the solution containing Bi**, ShO* and HTeO,".
As will be discussed below, the formation of
Bi,_.Sh,Te; as opposed to the deposition of Bi, Te and
Sh layers is confirmed by XRD, as all the diffraction
maxima can be indexed with asingle phase for thefilm.

According to Fig. 1, Bi,_Sb,Te; films were electro-
deposited by controlling different potentials in the
region from —0.1 to —0.6 V. The thickness of the films
was estimated from the total electric charge passed

through the working electrode assuming the current
efficiency of 100%.

5=OMIAdFz @)

where §isthe thickness of the film, Q is the total elec-
tric charge, M isthe formulaweight of Bi,_ Sh,Te;, 4 is
the area of the working electrode, d is the density of
Bi,_.Sb,Te;, z isthe charge number (z=18) and F isthe
Faraday constant. To keep the same thickness of
Bi,_.Sh,Te; films prepared at different potentials, the
total electric charge was fixed at 18 C. The film with
d=10 um was obtained under this condition.
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ESEM images of the Bi,_Sb Te; films electrode-
posited at different potentialsare shownin Fig. 2. It can
be found that the surface of the Bi,_ Sh,Te; film elec-
trodeposited at —0.1V is dense and uniform with an
average crystalite size of 2 um, whilethe surface of the
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film prepared at —0.3 V or —0.5 V is rough with den-
dritic growth. The results demonstrate that the crystal-
line state of the Bi,_.Sh,Te; film transforms from equi-
axed crystal to dendritic crystal with the negative shift
of deposition potential.
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Fig. 2. ESEM images of the Bi,_ Sh,Te; films electrodeposited at different potentials: (a) —-0.1V; (b) -0.3V; (c) -0.5V.

The XRD pattern of the film electrodeposited at —0.5
V are shown in Fig. 3. The diffraction peaks are found
to be consistent with the standard pattern of
BigsSb,sTe; (JCPDSA49-1713). Further analysis indi-
cates that the peak intensity of crystal plan (110) in-
creases while the peak intensity of crystal plan (1010)
decreases. It appears that the crystal orientation of the
electrodeposited film prefersto crystal plan (110). EDS
anaysis proves that the composition of the film is
BigsSh, 4Te;; (shown in Fig. 4), which isvery close to
the perfect composition of BiysSh, sTe;. Based on the
results of XRD and EDS analyses, it can be concluded
that the thermoelectric film electrodeposited at —0.5 V
is single phase with the composition of BiysSb;sTe;.
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Fig. 3. XRD pattern of the electrodeposited film at —0.5V.
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Fig. 4. EDS pattern of the electrodeposited film at -0.5V.

The resistance of the Bi, Sb,Te; film electrode-

posited at —0.5 V was measured using a Keithly 2000
multimeter in the temperature range from 297 to 319 K.
The results are reported in Fig. 5. The resistance de-
creases dlightly with temperature, from 0.159 to 0.069
Q, which indicates a semiconductive nature.
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Fig. 5. Temperaturedependence of the film electrodeposited
at-0.5V.

The Seebeck coefficient measurement at room tem-
perature was performed on the Bi,_Sh,Te; films elec-
trodeposited at different potentias. It can beseenin Fig.
6 that the semiconductive type of the films is p-type.
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Fig. 6. Relation between the Seebeck coefficient of

Bi,_ Sh,Te, filmsand depositing potential.
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The value of the Seebeck coefficient increases with the
negative shift of the electrodepositing potential and
reaches the largest Seebeck coefficient of about 213
uV-K* at —-0.5 V. After that the Seebeck coefficient
decreases with the negative shift of the potential. The
results show that the doping concentration of
Bi,_.Sh,Te; thermoelectric films can be controlled by
adjusting the electrodeposition potential, and their
thermoel ectric properties can also be controlled.

4. Conclusions

Bi,_,Sh,Te; films were fabricated by the electrode-
position using nitric acid solution containing Bi*,
ShO* and HTeO,". ESEM studies indicated that the
crystalline state of the Bi,_Sb,Te; films transforms
from equiaxed crystal to dendritic crystal with the
negative shift of electrodeposition potential. XRD and
EDS results revealed that the thermoelectric film elec-
trodeposited at —0.5 V issingle phase with BiysSh, sTe;
composition. Thermoelectric performance measure-
ment of the Bi,_ Sb,Te; films electrodeposited at dif-
ferent potentials showed that the conductive type of the
films is p-type and its doping concentration can be
controlled through adjusting €electrodeposition poten-
tial, and their thermoelectric properties can aso be
controlled. The film electrodeposited at —0.5 V pos-
sesses the largest Seebeck coefficient of 213 pVv-K™.
With the increase of temperature, the resistance of the
electrodeposited BiysSh,sTe; film is reduced and
shows a semiconductive characteristic.
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