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Preparation of Bi2Te3 Films by Electrodeposition from Solution
Containing Bi-Ethylenediaminetetraacetic Acid Complex
and TeO2
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The electrodeposition of Bi-Te alloy films from nitric acid solutions containing TeO2 and Bi-ethylenediaminetetraacetic acid
~Bi-EDTA! complex was investigated. The product, composition, and surface morphology of Bi-Te alloy films were examined
using an X-ray diffraction, inductively coupled plasma atomic emission spectroscopy, and scanning electron microscopy. In the
solution containing TeO2 and Bi-EDTA complex, bismuth deposits underpotentially in the potential range between20.05 and
20.25 V, so that Bi2Te3 films are formed. In the potential region between20.30 and20.50 V, a limiting current is observed, the
value of which is equal to the sum of the limiting currents observed for solutions containing TeO2 or the Bi-EDTA complex. The
composition of films deposited in this potential range can be controlled by the composition of the solution.
© 2003 The Electrochemical Society.@DOI: 10.1149/1.1542898# All rights reserved.
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High-efficiency thin-film thermoelectric devices are interesti
for applications in the microelectronics industry, such as thermoe
tric coolers1 and thermoelectric generators.2 Bismuth telluride
(Bi2Te3) and its solid solutions are well known as good thermoel
tric materials for near-room-temperature applications. Bismuth
luride and its solid solution films have been prepared using a n
ber of techniques, such as sputtering,3-5 metallorganic chemica
vapor deposition~MOCVD!,6,7 molecular beam epitaxy~MBE!,8-10

and electrodeposition.11-13 Electrodeposition may offer a low-cos
growth method for high-quality metal, alloy, and semiconduc
films.

We have reported the preparation of Bi2Te3 and its solid solution
films by electrodeposition.14,15 In these previous studies, we use
the element Bi as the source of Bi31 ions. However, since Bi31 is
easily converted into the hydrolysis product, Bi~OH!3 , a hydrous
polymer, it is difficult to prepare the electrolytic bath solution and
a result, reproducibility is low. The compositions of films can
controlled only by the composition of the electrolytic bath soluti
and cannot be controlled by the electrodeposition potential. Th
fore, we reasoned that if the hydrolysis of Bi31 ions could be hin-
dered by using the Bi-EDTA complex, it would be easier to prep
the electrolytic bath solution and reproducibility would be im
proved. In this paper, we report the relation between the depos
conditions and the composition of films.

Experimental

Bismuth telluride and its alloy films were electrodeposited fro
aqueous solutions containing various concentrations of
ethylenediaminetetraacetic acid~EDTA! complex and TeO2 , pH
1.0 6 0.1, on Ti sheets. Ti sheets were degreased with chlorof
and ethanol, treated with a 15% HF solution to remove any ox
layer, and washed with deionized water before use. Reagent-g
HNO3 , EDTA•2Na purity 99.5%, Bi(NO3)3 ~purity 99.9%!, and
TeO2 ~purity 99%!were used without further purification. Water wa
purified using the Milli-Q water purification system~Millipore Cor-
poration!. The usual three-electrode cell was used for the e
trodeposition of films and films were potentiostatically deposi
using a potentiostat~Hokuto Denko, HA-151!. A platinum wire and
an Ag/AgCl electrode were used for counter and reference e
trodes, respectively. The current-potential relations were meas
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with a potentiostat andX-t recorder. The deposition of films and th
electrochemical measurements were conducted at room temper
in the dark, after the electrolytic bath solutions were deaerated
passing N2 or Ar gas through the solution for about 15 min.

X-ray diffraction ~XRD! patterns were obtained with a diffracto
meter ~Philips Co., Ltd., RHL-P610CP! using Cu Ka1 radiation.
Scanning electron microscopy~SEM! analyses were carried out us
ing a Hitachi S-3500 scanning electron microscope. The comp
tion of films was determined by inductively coupled plasma atom
emission spectroscopy~ICP-AES! ~Seiko Instruments SPS-7000!.
Film thickness was determined using a Surfcorder model SE
stylus-type surface roughness measuring instrument~Kosaka Labo-
ratory, Ltd.!.

Results

Electrochemical measurements.—Figure 1 shows the current
potential relations observed in various solutions:~a! 0.5 mM TeO2

~s! and~b! 1.0 mM Bi-EDTA complex~n!, at pH 1.06 0.1 on Au
substrates. During the measurements shown in Fig. 1a, the cath
current began to flow at 0 Vvs. Ag/AgCl, and at potentials more
negative than20.05 V the cathodic current increased rapidly. T
gray films then grew. A limiting current was observed at potenti
between20.20 and20.55 V. This cathodic current was due to th
reduction of HTeO2

1 to metallic Te~Eq. 1! and the limiting current
was due to diffusion of the HTeO2

1 ion. The cathodic current again
increased rapidly at potentials more negative than20.60 V, and
many bubbles were formed on the electrode surface, suggestin
current increase was due to the evolution of H2

HTeO2
1 1 3H1 1 4e2 → Te 1 2H2O

E0 5 0.329 V vs. Ag/Cl @1#

For the measurements shown in Fig. 1b, the cathodic current b
to flow at 0 V and a low limiting current was observed at potenti
between20.05 and20.20 V. However, no change on the electro
surface was observed. The cathodic current increased rapidly a
tentials more negative than20.25 V and gray products were formed
A limiting current was observed at potentials between20.40 and
20.50 V, which increased with increasing Bi-EDTA concentratio
Therefore, this cathodic current was due to the reduction of
EDTA complex to metallic Bi~Eq. 2! and the limiting current was
due to the Bi-EDTA complex ion diffusion. At potentials belo
20.60 V, the cathodic current H2 evolution began again
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 
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Bi-Y2 1 4H1 1 3e2 → Bi 1 H4Y2

E0 5 20.013 V vs. Ag/AgCl @2#

~Y: EDTA ~ethylenediamine tetraacetic acid!!

whereE0 is a standard redox potential of Reaction 2 and Y is EDT
Its value was calculated using the standard redox potentia
Bi31/Bi and the stability constant for the Bi-EDTA complex form
tion.

Figure 2 displays the current-potential relations observed in
lutions containing 0.5 mM TeO2 and various concentrations of B
EDTA complex: ~a! 1.0, ~b! 2.0, and~c! 12.0 mM. In Fig. 2a, at
potentials more negative than20.05 V the cathodic current in
creased rapidly and black films were deposited on the elect
surface. The limiting current was observed at potentials betw
20.20 and20.30 V, and was larger than those observed in Fig.
and b. The cathodic current gradually increased as the elect
potential decreased. The increase of cathodic current due to the
lution of H2 was again observed at potentials more negative t
20.50 V. In Fig. 2b and c, at potentials more negative than20.05 V
the cathodic current increased and black films were deposited. In
potential range between20.10 and20.20 V, the same shoulder i
observed. The cathodic currents rapidly increase again and the
iting current is observed in the potential range between20.35 and
20.45 V. These observed values are equal to the sum of the lim
current for the solution containing TeO2 and the limiting current

Figure 1. Current-potential relations observed on Au electrode in a ni
acid solution (pH1.06 0.1) containing~a,s! 0.5 mM TeO2 and ~b,n! 1.0
mM Bi-EDTA complex.
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observed in the solution containing the Bi-EDTA complex. At p
tentials below20.50 V, the cathodic current due to the evolution
H2 began to increase, again.

The dependence of the limiting current observed at20.20 V on
the Bi-EDTA complex concentration for the solutions in which TeO2
concentrations were kept constant at~s! 0, ~n! 0.5, and~h! 1.0
mM are shown in Fig. 3. In the solution not containing TeO2, the
cathodic current is not dependent on the Bi-EDTA complex conc
tration. However, when the solution contained TeO2, the cathodic
currents at20.20 V increased linearly with the increase in the B
EDTA complex concentration, and above a critical concentration
the Bi-EDTA complex the cathodic currents showed constant valu
The slopes in the linear parts are about 0.08 and are equal to
other. The values of the intercepts for the plots agreed with
currents observed at20.20 V in the solution containing only TeO2 .
These results imply that at20.20 V, when elemental Te exists on th
electrode surface, Bi can codeposit underpotentially onto the e
trode. The dependence of the limiting current observed at20.45 V
on the Bi-EDTA complex concentration, for the solutions in whi
TeO2 concentrations were kept constant at~d! 0, ~m! 0.5, and~j!
1.0 mM, are shown in Fig. 3. For each case, the limiting curren
proportional to the Bi-EDTA complex concentration. The slopes
these plots have the same value of about 0.09, similar to the v
obtained in Fig. 3. This result implies that at potentials betwe
20.35 and20.45 V, the limiting current for the diffusion of the
Bi-EDTA complex is not affected by the reduction of HTeO2

1 to
metallic Te on the electrode surface. The values of the intercepts
the plots agreed with the limiting currents observed in the solut
containing only TeO2 . The limiting current observed at potentia
between20.40 and20.55 V, in the solutions containing Bi-EDTA

Figure 2. Current-potential relations observed on Au electrode in a ni
acid solution (pH1.06 0.1) containing 0.5 mM TeO2 and various concen-
trations of Bi-EDTA complex:~a,s! 1.0, ~b,n! 2.0, and~c,h! 12.0 mM.
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complex and TeO2 , is the sum of the limiting currents observed f
TeO2 and Bi-EDTA complex, respectively.

Electrodeposited film compositions.—The relations between th
deposition potential and the composition~mole ratio of Te to Bi!of
films deposited in solutions containing 1.0 mM TeO2 and various
Bi-EDTA complexes are shown in Fig. 4. In the films deposited
the solution containing 0.5 mM Bi-EDTA complex~Fig. 4a!, the
mole ratio~Te/Bi! decreases up to20.30 V as the deposition poten
tial becomes negative and reaches a constant value of
6 0.02. In the solution containing 0.8 mM Bi-EDTA complex~Fig.
4b!, the mole ratio~Te/Bi! decreases up to20.20 V as the deposi-
tion potential becomes negative, and reaches a constant valu
1.596 0.03. In the solution containing 1.0 mM Bi-EDTA comple
~Fig. 4c!, the mole ratio~Te/Bi! decreases up to20.175 V as the
deposition potential becomes negative and reaches a constant
of 1.206 0.02. The potential where the mole ratio~Te/Bi! is a
constant value moved toward positive potentials with an increas
the Bi-EDTA complex concentration. The observed constant va

Figure 3. The dependence of the cathodic current at20.20 V vs.Ag/AgCl
on Bi-EDTA complex concentration for the nitric acid solutions in whi
TeO2 concentrations are:~s! 0, ~n! 0.5, and~h! 1.0 mM. The dependence
of the limiting current at20.45 V on Bi-EDTA complex concentration fo
the nitric acid solutions in which TeO2 concentrations are:~d! 0, ~m! 0.5,
and ~j! 1.0 mM.

Figure 4. The relations between the composition~mole ratio of Te to Bi! of
films deposited in solutions containing 1.0 mM TeO2 and various Bi-EDTA
complex concentration:~a,s! 0.5, ~b,n! 0.8, and~c,h! 1.0 mM, and the
deposition potential.
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The relation between the ratio of TeO2 concentration and Bi-EDTA
complex concentration (CTeO2

/CBi-EDTA) and the composition

(nTe/nBi) of films deposited at various deposition potentials a
shown in Fig. 5. For the films deposited at20.125 V ~Fig. 5a!, the
mole ratio~Te/Bi! in the film increased rapidly but not linearly with
an increase in the ratio of TeO2 concentration to Bi-EDTA complex
concentration. For the films deposited at potentials more nega
than 20.15 V, the mole ratio (nTe/nBi) in the films increased lin-
early with an increase in the ratio of TeO2 concentration to Bi-EDTA
complex. For films deposited between20.35 and20.45 V, the re-
lations between the ratio of the TeO2 concentration to the Bi-EDTA
complex concentration (CTeO2

/CBi-EDTA) and the composition

(nTe/nBi) of films fall on the same line. The purpose of our inve
tigation is the preparation of Bi-rich p-Bi2Te3 and Te-rich n-Bi2Te3
from the same solution by controlling the deposition potential. Fr
the results in Fig. 5, therefore, the experimental condition that se
to satisfy our purpose is a concentration ratio of the solution of 1
In this solution containing 1.0 mM TeO2 and 0.86 mM Bi-EDTA,
Te-rich n-Bi2Te3 films are deposited at potentials more positive th
20.25 V, and Bi-rich p-Bi2Te3 films are deposited at potentials mo
negative than20.25 V.

X-ray diffraction patterns of electrodeposited films.—The XRD
patterns of films deposited at various potentials in the solution c
taining 1.0 mM TeO2 and 0.86 mM Bi-EDTA complex are shown in
Fig. 6. In the diffraction pattern of the film deposited at20.125 V
~Fig. 6a!, eleven broad diffraction peaks are observed at 2u 5 8.6,
17.6, 23.8, 27.8, 38.0, 40.2, 41.2, 45.1, 50.5, 53.1, and 57.3.
peaks observed at 2u 5 8.6, 17.6, 23.8, 27.8, 38.0, 40.2, 41.2, 50
and 57.3 correspond to Bi2Te3

16 or several Bi-Te alloy compound
~i.e., BiTe,17 Bi4Te3 ,18 etc.!. Since the spacing of crystal faces
Bi-Te alloy compounds are similar to each other, products are
exactly determined by the XRD patterns. The shoulder of diffract
peaks observed at 2u 5 23.8, 27.8, 38.0, 40.2, 50.5, and 57.3 co
responded to the~100!, ~101!, ~102!, ~110!, ~201!, and~202! planes
of Te metal,19 respectively. This result indicates that this film
composed of a mixture of several Bi-Te compounds and Te me
When the film was deposited at20.25 V ~in Fig. 6b!, the diffraction
peaks observed at 2u 5 17.6, 23.4, 27.7, 38.4, 40.8, 50.2, and 57
corresponded to peaks for Bi2Te3 or Bi-Te alloy compounds. The

Figure 5. The relations between the ratio of TeO2 concentration to Bi-EDTA
complex concentration (CHTeO21 /CBi-EDTA) and the composition (nTe /nBi) of
films deposited at various deposition potentials:~a,s! 20.125, ~b,n!
20.150,~c,h! 20.30, and~d,L! 20.45 V.
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shoulder of diffraction peaks observed at 2u 5 27.7, 38.4, 40.2, and
50.2, and the diffraction peaks at 2u 5 45.4 corresponded to th
~101!, ~102!, ~110!, ~201!, and~003! planes of Te metal, respec
tively. In the diffraction pattern of the film deposited at20.45 V
~Fig. 6c!, many diffraction peaks are observed. The diffraction pe
at 2u 5 17.8, 27.8, 37.6, 40.2, 41.1, 45.0, 50.2, 53.1, and 57.5
due to Bi2Te3 or Bi-Te alloy compounds. When these films we
annealed at 350°C for 60 min in N2 , the intensity of diffraction
peaks due to Bi2Te3 increased and a new diffraction peak was o
served at 2u 5 8.8. This new diffraction peak corresponds to t
~003! plane of Bi2Te3 , which characterizes Bi2Te3 lamellar
compound.16 Therefore, the as-grown films deposited in the solut
containing 1.0 mM TeO2 and 0.86 mM Bi-EDTA complex, at po
tentials more negative than20.20 V, consist of Bi2Te3 . These re-
sults indicate that the film composition is not only controlled by t
composition of the solution, but also by the deposition potential

Surface morphology of films.—Figure 7 shows SEM micrograph
of films deposited from solution containing 1.0 mM TeO2 and 0.86
mM Bi-EDTA complex at various deposition potentials,~a! 20.20,
~b! 20.25, ~c! 20.30, and~d! 20.45 V. The average film thicknes
used for the SEM observations was 1.76 0.3mm. For the film
deposited at20.20 V ~in Fig. 7a!, the film consisted of sma
chestnut-like particles and the surface of the film was smooth.
the film deposited at20.25 V ~in Fig. 7b!, the film consisted o
rounded particles that resembled balls of yarn. The particle size
4-6 mm. For the films deposited at20.30 V ~in Fig. 7c!, the film
consisted of two types of particles. One type was rounded part
smaller than 3mm. The other type was layered structures of lea
particles ~dendrite!. From the results of energy-dispersive X-r
~EDX! measurements, though the shapes of the particles were
ferent, no difference in their compositions was detected. For
films deposited at potentials more negative than20.45 V ~in Fig.
7d!, the film consisted of dendrite particles. From these results,
effect of the film composition on the film morphology can be su
marized as follows. When the film is deposited at potentials m
positive than20.28 V, the film composition (nTe/nBi) is larger than
0.50, and the film is composed of rounded particles and has a
tively smooth surface. When the film is deposited at potentials m
negative than20.28 V, the composition (nTe/nBi) is slightly lower
than 1.50, and the film consists of two types of particles@the
rounded particles and the layered, leafy particles~dendrite!#.

Figure 6. The XRD patterns of film deposited at various potentials in
solution containing 1.00 mM TeO2 and 0.86 mM Bi-EDTA complex:~a!
20.125,~b! 20.250, and~c! 20.450 V; ~s! Bi-Te alloy and~n! Te.
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Discussion

The results are summarized as follows:
1. Use of Bi-EDTA complex facilitates preparation of the ele

trolytic bath, because the Bi-EDTA complex suppresses the hydr
sis reaction of aqueous Bi31 ions.

2. When Te exists on the electrode, Bi deposits underpotent
in the potential range between20.05 and20.25 V.

3. The cathodic currents observed in the potential range betw
20.05 and20.20 V in the solution containing TeO2 are due to the
underpotential deposition of Bi-EDTA, and those values incre
with an increasing Bi-EDTA complex concentration. The maximu
values of these currents due to the underpotential deposition de
on the TeO2 concentration.

4. In the potential range between20.05 and20.30 V, the film
composition can be controlled by the deposition potential and
composition of the electrolytic bath.

5. The films electrodeposited in the potential range betw
20.05 and20.55 V are mixtures of Te metal and Bi-Te alloy com
pounds~e.g., Bi2Te3 , BiTe, Bi21xTe3-x , Bi14Te6 , etc.!.

6. The Bi concentration in the films increases with an increas
Bi-EDTA complex concentration in the solution.

7. The limiting current observed in the potential region betwe
20.30 and20.50 V is equal to the sum of the limiting curren
observed for the TeO2 and Bi-EDTA complex solutions.

In the following, we discuss the formation reaction of Bi-Te allo
films. First, we divide the potential range into two potential rang
Range I and Range II. Range I is the potential region between20.05
and near20.25 V, and in this region the underpotential deposition
Bi-EDTA complex to Bi-Te alloy can be observed. Range II is t
potential region between20.30 and20.50 V. In this range, Bi-
EDTA complex can be reduced to Bi metal and both limiting cu
rents due to HTeO2

1 ion and Bi-EDTA complex are observed.
In Range I, the following electrode reactions are involved in t

formation of Bi-Te alloys

HTeO2
1 1 3H1 1 4e2 → Te~s! 1 2H2O @1#

aBi-Y2 1 bTe~s! 1 4aH1 1 3ae2 → BiaTeb 1 aH4Y2 @3#

~a 5 1,2,3,...b5 1,2,3...!

where BiaTeb is an intermetallic compound~i.e., BiTe, Bi2Te3 ,
Bi14Te6 , etc.!. From these results~Fig. 3, 4, 5, and 6!, it is assumed
that the rate of Reaction 3 is several times faster than that of R
tion 1. The Bi-EDTA complex is reduced to Bi-Te alloy compoun
as soon as HTeO2

1 ion is reduced to metallic Te. If the amount of T
element supplied to the electrode is limited, the current due to
reduction of the Bi-EDTA complex increases with the increase in
Bi-EDTA complex concentration up to a critical concentration lim
ited by the maximum rate of Reaction 3. Therefore, the results
Fig. 3a and b are explained as follows. Until the amount of
supplied to the electrode agrees with the maximum amount o
consumed by Reaction 3, the cathodic current depends on the
EDTA complex concentration. After that, the cathodic current do
not depend on the Bi-EDTA concentration and maintains a cons
value.

In the Range II, the following electrode reactions are involved
the formation of Bi-Te alloys

HTeO2
1 1 3H1 1 4e2 → Te~s! 1 2H2O @1#

Bi-Y2 1 4H1 1 3e2 → Bi~s! 1 H4Y2 @2#

aBi~s! 1 bTe~s! → BiaTeb~s! @4#

~a 5 1,2,3,...b5 1,2,3...!

where BiaTeb is an intermetallic compound~i.e., BiTe, Bi2Te3 ,
Bi14Te6 , etc.!. In this potential range, Reactions 2 and 4, which
the solid-state reactions of Bi-Te alloy compounds, are introduc
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 
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Figure 7. The SEM micrographs of films deposited in the solution containing 1.00 mM TeO2 and 0.86 mM Bi-EDTA complex at various deposition potential
~a! 20.20, ~b! 20.25, ~c! 20.30, and~d! 20.45 V.
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These reactions can be considered to be the transformation of R
tion 3. The observed limiting current is equal to the sum of limiti
currents for Reactions 1 and 2. The limiting currents due to Re
tions 1 and 2 are expressed by Eq. 5 and 6, respectively

i Te 5 2~4!DHTeO2
1

!F!CHTeO2
1!/dHTeO2

1, @5#

i Bi 5 2~3!DBi-Y2
!F!CBi-Y2!/dBi-Y2 @6#

where DHTeO
2
1 (DBi-Y2), dHTeO21(dBi-Y2), and CHTeO21(CBi-Y2) are

the diffusion coefficient, the thickness of the diffusion layer, and
concentration of HTeO2

1(Bi-Y2), respectively. The limiting curren
observed at20.45 V in solution containing HTeO21 and Bi-Y2 is
expressed by Eq. 7

i obs 5 i Te 1 i Bi 5 2~4!DHTeO21

!F!CHTeO21!/dHTeO2
1

2 ~3!DBi-Y2
!F!CBi-Y2!/dBi-Y2 @7#
 address. Redistribution subject to ECS te130.203.136.75nloaded on 2016-10-06 to IP 
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This equation is supported by the results in Fig. 3. Therefore
deposition time,t ~s!, the mole ratio Te~mol!/Bi~mol!(nTe/nBi) is
given by Eq. 8

nTe/nBi 5 ~DHTeO21 /dHTeO21!/~DBi-Y2 /dBi-Y2!!~CHTeO21 /CBi-Y2!

@8#

where (DHTeO21 /dHTeO21) and (DBi-Y2 /dBi-Y2) are given by the

slopes of the relation between the limiting current and TeO2 and
Bi-Y complex concentrations, respectively. Using the obtained v
ues, Eq. 8 is rewritten as Eq. 9

nTe/nBi 5 1.29!~CHTeO21 /CBi-Y2! @9#

The relation between the mole ratio (nTe/nBi) of the film and the
ratio of molar concentration (CHTeO21 /CBi-Y2) in the solution is
shown in Fig. 8. In this figure,s andh represent the experimenta
values and the calculated values using Eq. 9. The calculated va
agree with the experimental values over the wide range of Bi-ED
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 
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concentration. In our previous studies, when the Bi31 ion concen-
tration increased, the hydrolysis of Bi31 occurred, so that the calcu
lated values (nTe/nBi) departed from the experimental values. Ho
ever, using the Bi-EDTA complex as the source of Bi element,
hydrolysis of bismuth ion is suppressed so that the compositio
the film can be controlled over the wide range of Bi-EDTA conce
tration.

Conclusions

Bi-Te alloy films are electrodeposited from acidic solutions co
taining TeO2 and Bi-EDTA complex. Using Bi-EDTA complex as
Bi source, the hydrolysis of Bi31 ion is suppressed so that the film
can be deposited over a wide range of Bi-EDTA concentration,

Figure 8. The relation between the mole ratio (nTe /nBi), of the films and the
ratio of molar concentration (CHTeO21 /CBi-Y) in the solution:~a,s, ! the
experimental values and~b,h, ! calculated values.
 address. Redistribution subject to ECS te130.203.136.75nloaded on 2016-10-06 to IP 
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Bi-Te alloy films are underpotentially deposited in the potent
range between20.05 and20.25 V. When films are deposited at th
potential region between20.30 and20.50 V, the composition of the
film can be expressed by Eq. 9.
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