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Insights into the Electrodeposition of Bi2Te3
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In this paper, the processes associated with the electrodeposition of bismuth telluride (Bi2Te3), a thermoelectric material, are
reported along with an analysis of the composition and crystallinity of the resulting films. The electrodeposition can be described
by the general reaction 3HTeO2

1 1 2Bi31 1 18e2 1 9H1 → Bi2Te3 1 6H2O. Cyclic voltammetry studies of Bi, Te, and Bi/Te
dissolved in 1 M HNO3 reveal two different underlying processes depending on the deposition potential. One process involves the
reduction of HTeO2

1 to Te0 and a subsequent interaction between reduced Te0 and Bi31 to form Bi2Te3 . A second process at more
negative reduction potentials involves reduction of HTeO2

1 to H2Te followed by the chemical interaction with Bi31. Both
processes result in the production of crystalline Bi2Te3 films in the potential range20.1 , E , 20.52 V vs. Ag/AgCl ~3 M
NaCl! on Pt substrates as determined by powder X-ray diffraction~XRD!. Electron probe microanalyses and XRD reveal that the
films are bismuth-rich and less oriented for more negative deposition potentials.
© 2002 The Electrochemical Society.@DOI: 10.1149/1.1509459# All rights reserved.
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Solid-state thermoelectric devices convert thermal energy fro
temperature gradient into electrical energy~the Seebeck effect! or
electrical energy into a temperature gradient~the Peltier effect!.
Thermoelectric power generators are used most notably in sp
craft power generation systems~for example, in Voyager I and II!1,2

and in thermocouples for temperature measurement, while the
electric coolers are largely used in charge coupled device~CCD!
cameras, laser diodes, microprocessors, blood analyzers, and
table picnic coolers.1,2 Thermoelectric coolers~also known as Peltier
coolers! offer several advantages over conventional systems.
solid-state devices, they have no moving parts. They use no oz
depleting chlorofluorocarbons, potentially offering a more envir
mentally responsible alternative to conventional refrigeration.
though some large-scale applications have been considered~on
submarines and surface vessels!, their efficiency is low compared to
conventional refrigerators.

Scientific and technological interest in the production of na
structured thermoelectric materials has been driven by recent t
retical studies, which suggest that quantum confinement of elect
and holes could enhance the efficiency of these materials sig
cantly above that of their bulk values.3-5 This hypothesis has alread
been verified for thin multilayers of PbTe/Pb12xEuxTe.6-11 Larger
enhancements are predicted for one-dimensional~1-D! systems
~nanowires! compared to 2-D systems~thin films!.12,13 These pre-
dictions have stimulated research into the preparation of nanow
of thermoelectric materials.

Bismuth telluride (Bi2Te3) and its doped derivative compound
are considered to be the best materials to date for near ro
temperature thermoelectric applications.14,15The maximum figure of
merit ~ZT! occurs for optimized doping levels16 at approximately
70°C with an effective operating range of2100 to1200°C. Other
attractive properties of this material at 21°C are its density~7530
kg/m3!, its thermal conductivity~1.5 W/m K!, its specific heat~544
J/kg K!, and its thermal expansion coefficient~TEC, 13.0
3 1026/°C). Therefore, Bi2Te3 is an excellent candidate materi
for the preparation of nanowires for thermoelectric applications.

The electrodeposition of Bi2Te3 is a fast, simple, and low cos
synthetic method,17-25 and a good choice for the fabrication o
nanowires. However, the processes involved in the electrodepos
of Bi2Te3 are not very well understood. The overall reaction resp
sible for the deposition from aqueous acidic solutions has been
scribed as18-24

z E-mail: astacy@socrates.berkeley.edu
a

e-

o-

or-

s
e-

-
o-
s
-

s

-

n
-
e-

3HTeO2
1 1 2Bi31 1 18e2 1 9H1 → Bi2Te3~s! 1 6H2O @1#

Although this is the general reaction, the processes involved in
deposition are much more complicated. In order to control the e
trodeposition of nanostructures, it is important to understand th
processes fully.

Here we report the Pourbaix diagram for Bi2Te3 along with a
study of the deposition processes as determined by analyses o
clic voltammograms~CVs! of solutions containing Bi and Te indi
vidually as well as solutions containing a mixture of both. In ad
tion, Bi2Te3 films were prepared by electrodeposition at seve
potentials. The composition and crystallinity of these films we
determined by electron probe microanalysis, scanning electron
croscopy~SEM!, and powder X-ray diffraction~XRD!.

Experimental

Possible reactions relating various aqueous bismuth and t
rium species, and precipitates for this system are summarize
Table I, Eq. t.1 to t.36.26 The standard electrode potential,E0, with
respect to a normal hydrogen electrode~NHE! was calculated for
each reaction by applying the Gibb’s equation.27 The Nernst equa-
tions showing the relationship between concentrations and eitheE0

or pH given in Table I were used to calculate which species are m
favorable for a particular pH and potential. With this information
Pourbaix diagram~pH vs.potential! was calculated for Bi2Te3 under
our experimental conditions for the electrodeposition of Bi2Te3 ,
namely, Te (13 1022 M) and Bi (0.753 1022 M) dissolved in 1
M HNO3 at 25°C.

CVs were recorded with a Bioanalytical Systems Basoma
CV50W unit. A three-electrode electrochemical cell was employ
consisting of a Ag/AgCl reference electrode~3 M NaCl, 0.175 Vvs.
NHE!, a Pt disk working electrode and a Pt wire counter electro
The working electrode was polished and ultrasonically cleaned
fore each voltammogram in order to ensure a clean surface for
scan. Voltammograms were recorded at different scan rates~between
1 and 50 mV/s! and multiple scans were done for each scan ra
Typical scans performed at 10 mV/s are shown for compara
purposes throughout this paper. The potential limits for the volta
mograms were established by scanning first from 2 to22 V to
determine the solvent window and the oxidation/reduct
potentials.

The solutions studied were~i! Bi31 (0.753 1022 M); ~ii !
HTeO2

1 (1 3 1022 M); and ~iii ! HTeO2
1 (1 3 1022 M) plus Bi31

(0.753 1022 M). Concentrated nitric acid~Fisher, 69.1%! was
used to dissolve the elements, and then the solution was diluted
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Table I. Thermodynamic expressions for the Bi2Te3 system. Electrode reactions and their corresponding potentials are quotedvs. the normal
hydrogen electrode at 25°C.

Reaction Potential or pH expression

a. H2 → 2H1 1 2e2 E0 5 0.0002 0.0591 pH
b. 2H2O → O2 1 4H1 1 4e2 E0 5 1.2282 0.0591 pH
t.1. Bi2Te3 1 6H2O → 3HTeO2

1 1 2Bi31 1 18e2 1 9H1 E0 5 20.622 0.01475 log@HTeO2
1# 1 0.0443 pH

t.2. BiH3 → Bi 1 3H1 1 3e2 E0 5 20.8002 0.0591 pH2 0.0197 logPBiH3

t.3. H2Te → Te 1 2H1 1 2e2 E0 5 20.7172 0.0591 pH2 0.0295 logPH2Te

t.4. Bi2Te3 1 12H2O → 3TeO3
22 1 Bi2O3 1 18e2 1 24H1 E0 5 20.722 0.0098 log@TeO3

22# 1 0.0786 pH
t.5. 2HTe2 → Te2

22 1 2H1 1 2e2

E0 5 0.7952 0.0591 pH1 0.0295 log
@Te2

22#

@HTe2#2

t.6. 2Te22 → Te2
22 1 2e2

E0 5 1.4451 0.0295 log
@Te2

22#

@Te22#2

t.7. H2Te → HTe2 1 H1

pH 5 3.372 log
PH2Te

@HTe2#

t.8. HTe2 → Te22 1 H1

pH 5 11.001 log
@Te22#

@HTe2#

t.9. Bi2Te3 1 6H1 1 6e2 → 3Te1 2BiH3 E0 5 20.66732 0.0197PBiH3
2 0.0591 pH

t.10. 3

2
Te2

22 1 2Bi → Bi2Te3 1 3e2
E0 5 1.1061 0.0295 log@Te2

22#

t.11. Bi2Te3 → 3Te412Bi31 1 18e2 E0 5 20.522 0.00328 log@Te41#3@Bi31#2

t.12. Bi2Te3 1 6H2O → 3TeO2 1 2Bi31 1 18e2 1 12H1 E0 5 20.5022 0.0066 log@Bi31# 1 0.0394 pH
t.13. Bi2Te3 1 8H2O → 3TeO2 1 2BiOH2118e2 1 14H1 E0 5 20.5132 0.0066 log@BiOH21# 1 0.046 pH
t.14. Bi2Te3 1 9H2O → 3TeO2 1 2Bi2O3 1 18e2 1 18H1 E0 5 20.5222 0.0591 pH
t.15. TeO3 → H2O → HTeO4

2 1 H1 E0 5 6.171 log@HTeO4
2#

t.16. Te41 1 2H2O → HTeO2
1 1 3H1

pH 5 20.371 0.333 log
@HTeO2

1#

Te41

t.17. HTeO2
1 → TeO2 1 H1 pH 5 22.072 log@HTeO2

1#

t.18. TeO3
22 1 H2O → HTeO4

2 1 H1 1 2e2

E0 5 0.5842 0.0295 pH1 0.0295 log
@HTeO4

2#

TeO3
22

t.19. TeO2 1 H2O → TeO3
22 1 2H1 pH 5 10.3551 0.5 log@TeO3

22# → anhydrous TeO2
pH 5 7.5451 0.5 log@TeO3

22# → hydrous TeO2 • H2O
t.20. Bi31 1 H2O → BiOH21 1 H1

pH 5 2.001 log
@BiOH21#

@Bi31#

t.21. HTeO4
2 → TeO4

22 1 H1

pH 5 10.381 log
@TeO4

22#

@HTeO4
2#

t.22. 2BiOH21 1 H2O → Bi2O3 1 4H1 pH 5 2.982 0.5 log@BiOH21#

t.23. TeO2 1 2H2O → TeO3 1 2H1 1 2e2 E0 5 1.0202 0.0591 pH
t.24. Te41 1 4H2O → H2TeO4 1 6H1 1 2e2 E0 5 0.922 0.1773 pH
t.25. TeO3

22 1 H2O → TeO4
22 1 2H1 1 2e2

E0 5 0.8922 0.0591 pH1 0.0295 log
@TeO4

22#

@TeO3
22#

t.26. HTeO2
1 1 6H2O → TeO3 1 3H1 1 2e2 E0 5 0.9532 0.0886 pH

t.27. 2Bi2O3 1 H2O → Bi4O7 1 2e2 1 2H1 E0 5 1.3382 0.0591 pH
t.28. Bi4O7 1 H2O → 2Bi2O4 1 2e2 1 2H1 E0 5 1.5412 0.0591 pH
t.29. Bi2O4 1 H2O → Bi2O5 1 2e2 1 2H1 E0 5 1.6072 0.0591 pH
t.30. 4BiOH21 1 3H2O → Bi4O7 1 2e2 1 10H1 E0 5 2.0422 0.2955 pH2 0.1182 log@BiOH21#

t.31. 2Bi31 1 5H2O → Bi2O5 1 4e2 1 10H1 E0 5 1.7592 0.1477 pH2 0.0295 log@Bi31#

t.32. 2H2Te → Te2
22 1 4H1 1 2e2

E0 5 0.6382 0.1182 pH1 0.0295 log
@Te2

22#

@H2Te#2

t.33. TeO2 1 H2O → HTeO3
2 1 H1 pH 5 112.961 log@HTeO3

2# → anhydrous TeO2
pH 5 17.341 log@HTeO3

2# → hydrous TeO2 • H2O
t.34. Bi2Te3 1 12H2O → 3HTeO3

2 1 Bi2O3 1 18e2 1 21H1 E0 5 20.632 0.0098 log@HTeO3
2# 1 0.0688 pH

t.35. HTeO3
2 1 H2O → HTeO4

22 1 2H1 1 2e2

E0 5 0.8132 0.0591 pH1 0.0295 log
@HTeO4

2#

@HTeO3
2#

t.36. HTeO3
2 → TeO3

22 1 H1

pH 5 7.741 log
@TeO3

22#

@HTeO3
2#
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M final concentration. In this way, H1 acts as supporting electrolyt
and NO3

2 is the only counter ion. Tellurium powder was obtain
from Alfa Aesar~99.9998%! and bismuth pieces from Mallinckrod
~99.8%!. All glassware was cleaned in a base bath and thoroug
washed with doubly distilled water. In order to establish the infl
ence of the cations in the electrodeposition process, concent
Bi31 and HTeO2

1 solutions in 1 M HNO3 were added in successiv
aliquots in separate experiments to a 1 M HNO3 Te/Bi solution with
initial concentrations of 13 1022 and 0.753 1022 M, respec-
tively. Also, concentrated HNO3 was added to the solution to stud
the influence of changing pH.

Electrodepositions were carried out potentiostatically using
EG&G PAR model 273 potentiostat/galvanostat. We fabricated
working electrodes by sputter depositing approximately 500 nm
Cr and 2800 nm of Pt onto a quartz slide with a RANDEX, Perk
Elmer model 2400. The area of the working electrode was 1 c2.
The counter electrode was platinum gauze attached to a Pt wire
the reference electrode was silver/silver chloride~also known as
SSCE!. The electrodepositions were carried out at different pot
tials (20.12, E , 20.52 Vvs.SSCE! for 1 h each. The tempera
ture was controlled by immersing the cell in an ice bath. This fix
the temperature at 2°C as measured by a thermometer in the
trodeposition cell.

The composition and morphology of the films were analyz
using several techniques: electron probe microanalysis~EPMA,
Cameca SX-51! calibrated with tellurium~99.99%! and bismuth
~99.9999%! standards; XRD~Siemens D5000, Cu Ka radiation!;
and SEM, using a JEOL 6300.

Results and Discussion

As described below, the Pourbaix diagram calculated for
(1 3 1022 M) and Bi (0.753 1022 M) at 25°C ~Fig. 1! shows
that pH 20.07 is optimal for the electrodeposition of Bi2Te3 for
these concentrations. CV studies conducted at pH, 0 reveal that it
is possible to obtain the desired phase over a relatively large ra
of potentials, but there are two different processes that occur
pending on potential. Moreover, as shown below, the crystallin
and composition of Bi2Te3 films depend on the electrodepositio
potential.

Pourbaix diagram.—We were interested in the range of cond
tions over which it is possible to electrodeposit Bi2Te3 , as well as
the oxidizing and reducing abilities of the major stable species o
and Te in an aqueous solution at different pH and potentials

Figure 1. Pourbaix-type diagram for the electrodeposition of Bi and Te~at
25°C, 1 atm, and Bi5 0.75 1022 M and Te5 1 1022 M) showing the
thermodynamic stability of the dominant species as a function of pote
and pH.
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particular, we wanted to find the range of pH over which it is po
sible to dissolve both bismuth and tellurium such that they can
reduced to form Bi2Te3 . As is evident from Fig. 1, Bi2Te3 can be
formed directly by the reduction of its cations and is stable over
entire range of pH as a bulk material, at potentials more nega
than 0.5 Vvs. NHE. Consequently, the choice of pH is determin
solely by the solubility of tellurium and bismuth.

Tellurium is soluble as HTeO2
1 in a narrow range at low pH

(20.37, pH , 20.07) for a Te concentration of 1022 M,
~Eq. t.16 and t.17, Table I!, and also at higher pH as HTeO3

2

(pH . 12.961 log@HTeO3
2# for tellurous anhydride (TeO2) or

pH . 7.341 log@HTeO3
2# for tellurous acid (H2TeO3 or

TeO2•H2O!, see Eq. t.33, Table I!. In the range of pH from20.07 to
5.34, a solution of 10 mM tellurium precipitates as TeO2 , so if
acidic solutions are used, the pH needs to be very carefully c
trolled. At pH lower than20.37, the stable species for this conce
tration is Te14. For lower tellurium concentrations in solution, th
pH can be raised, see Eq. t.17 Table I, and the deposition rate wi
lower. For example, for a 0.1 mM tellurium solution, the pH
which TeO2 appears is 1.93.

Bismuth is soluble as BiOH21, but only for pH, 4 ~see Eq.
t.22, Table I!. At higher pH, bismuth precipitates as Bi2O3 . The
stable species for Bi at pH, 2 is Bi31. Therefore, in order to
dissolve both tellurium and bismuth, it is necessary to work at a
below20.07 Vvs.NHE. Under these conditions, tellurium is stab
as HTeO2

1 and bismuth as Bi31. Since the working pH has to be
approximately zero in order to dissolve enough of the cationic s
cies of both metals,a 1 M HNO3 solution was used to dissolve
elemental Bi and Te. These conditions are consistent with report
others who have used acidic solutions for Bi2Te3
electrodeposition.17-25 However, in our case it is not possible to us
pH ! 0 for this study because our ultimate goal is to understand
mechanism of electrodeposition of Bi2Te3 nanowires into porous
alumina templates.28 Porous Al2O3 membranes dissolve in ver
acidic baths.

Cyclic voltammograms.—CVs of solutions of~i! Bi31 (0.75
3 1022 M), ~ii ! HTeO2

1 (1 3 1022 M), and ~iii ! HTeO2
1

(1 3 1022 M) with Bi31 (0.753 1022 M) in 1 M HNO3 , were
used to study the deposition mechanism reactions and to find
appropriate potential range for deposition.

Figure 2. Cyclic voltammogram of Bi31 ~0.75 1022 M) in 1 M HNO3 .
Scan rate5 0.01 V/s21, reference electrode Ag/AgCl~3 M NaCl!, room
temperature.
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Bismuth cyclic voltammetry.—The CV observed for a solution con
taining Bi31 (0.753 1022 M) dissolved in HNO3 is shown in Fig.
2. One reduction wave~labeled as peak A! is observed during the
cathodic scan withEpc . 280 mV, and one oxidation wave is ob
served during the anodic scan withEpa . 0 mV. After applying
potentials more negative thanca.275 mV, a dark deposit formed on
the working electrode. The identity of the deposit was determine
be elemental Bi by XRD. Therefore, we assigned peak A as
reduction of Bi31 to Bi according to the following reaction

Bi31 1 3e2 → Bi E0 5 0.286 V26 @2#

The anodic wave is assigned to the reverse of this reaction. T
data are in good agreement with those observed by Magriet al.23

Tellurium cyclic voltammetry.—The electrochemical behavior of te
lurium is more complicated both because the formal oxidation s
of the element can vary from Te61 to Te22 and because adsorptio
can play a large role due to the strong interactions between Te
cies and noble metals. The CV observed for solutions contain
HTeO2

1 (1 3 1022 M) dissolved in HNO3 is shown in Fig. 3. Two
reduction waves~labeled as peaks B and C! are observed in the
cathodic scan withEpc . 2240 and2600 mV, respectively. There
is another wave at more negative potentials,2700 mV, which is
due to the onset of hydrogen evolution. There is only one oxida
wave withEpa . 1440 mV.

After applying potentials more negative thanca. 2190 mV, a
deposit forms on the working electrode. The identity of the dep
was determined to be elemental Te by XRD. Therefore, we assig
peak B to the reduction of HTeO2

1 to Te according to the following
reaction

HTeO2
1 1 3H1 1 4e2 → Te 1 2H2O E0 5 10.551 V @3#

This assignment is consistent with previous reports.29

The assignment of the process associated with peak C is
straightforward. We considered two processes: the direct reduc
of Te~IV ! to Te~-II !, Reaction 4; and the reduction of Te~0! produced
in the process associated with peak B to Te~-II !, Reaction 5. The
stable species under our experimental conditions is H2Te ~see Fig. 1,
the Pourbaix diagram!. In order to decide between these possib
ties, we compared the thermodynamic values for the two reduc
reactions

Figure 3. Cyclic voltammogram of HTeO2
1 (1 3 1022 M in 1 M HNO3).

Scan rate5 0.01 V/s21, reference electrode Ag/AgCl~3 M NaCl!, room
temperature.
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HTeO2
1 1 5H1 1 6e2 → H2Te~aq! 1 2H2O

E0 5 10.121 V30 @4#

Te 1 2H1 1 2e2 → H2Te~aq! E0 5 20.739 V30 @5#

The positive E0 for Reaction 4 indicates that the reduction
HTeO21 in solution to H2Te is more favorable than the reduction
Te0. Therefore, we assigned peak C to Reaction 4. It is notable
the experimental difference between the peak reduction poten
for the two oxidation waves~peaks B and C! agrees reasonably we
with the difference in calculated values,hE0, for Reactions 3 and 4
The experimental and calculated values are 0.43 and 0.36
respectively.

While Reaction 4 accounts for the electrochemical reduction
sociated with peak C, this reaction cannot account for the en
process. We do not observe the evolution of gaseous H2Te. How-
ever, if the amounts generated were very small, and considering
H2Te is expected to decompose quickly, there would not necess
be bubbles large enough to be observed. H2Te (DGf

o

5 142.7 kJ/mol) is not stable in acid solutions in the presence
HTeO2

1 (DGf
o 5 2261.54 kJ/mol). It is likely that the following

chemical reaction occurs as soon as H2Te is generated electrochem
cally.

2H2Te 1 HTeO2
1 → 3Te1 2H2O 1 H1

DGf
o 5 2498.118 kJ/mol @6#

This reaction is energetically favorable, and has been described
viously in the literature as an additional pathway for T0

deposition.31,32 Therefore, we propose that the net process ass
ated with peak C is the reduction of HTeO2

1 by a two-step reaction
involving the electrochemical generation of H2Te as an intermediate
~Reaction 4! and the net deposition of elemental Te by a subsequ
chemical reaction~Reaction 6!. The overall process behaves as
four-electron reduction from HTeO2

1 to Te0 ~equivalent to Reaction
3!. The six-electron reduction has been observed only for l
HTeO2

1 concentrations (,1023 M).33

There are several other pieces of evidence to support the c
that the processes associated with both peaks B and C lead t
deposition of Te. First, we have verified by XRD diffraction th

Figure 4. Cyclic voltammogram of Bi31 0.753 1022 M and HTeO2
1 1

3 1022 M in HNO3 1 M. Scan rate5 0.01 V/s21, reference electrode Ag
AgCl ~3 M NaCl!, room temperature.~s! Correspond to potentials in which
electrodeposition of films has been carried out.
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deposits of Te persist on the electrode even after applying poten
more negative than2600 mV. Second, the observation of one ox
dation wave (Epa . 1440 mV) indicates that there is only one r
duction product. We have assigned this oxidation wave to the
verse of Reaction 3. Finally, upon sweeping the potential in
anodic direction, a nucleation loop is observed around2100 mV.
The large separation between the cathodic and the anodic w
indicates that the tellurium deposition reaction is irreversible.

We conclude that the deposition of Te is favorable at potent
more negative thanca. 2190 mV, but the mechanism of depositio
changes once the potential is more negative than2600 mV. We
suggest that Te deposits are stabilized in acid even at very neg
potentials by the presence of the oxidizing agent HTeO2

1 .

Bi-Te cyclic voltammetry.—The CV observed for a solution contain
ing both HTeO2

1 (1 3 1022 M) and Bi31 (0.753 1022 M) dis-
solved in HNO3 is shown in Fig. 4. As was observed for solutio
containing only HTeO2

1 , two reduction waves~labeled as peaks D
and E! are observed in the cathodic scan withEpc . 262 and2500
mV, respectively. There is another wave at more negative poten
,2600 mV, which is due to the onset of hydrogen evolution. Th
is one major oxidation wave withEpa . 1430 mV ~labeled as peak
F!. The latter wave has a small shoulder withEpa . 1440 mV ~la-
beled as peak G!. There is also a minor oxidation wave at le
positive potentials~labeled as peak H!.

The potential at which reduction is observed when both HTe2
1

and Bi31 are present in solution (Epc . 262 mV) is more positive
compared with the reduction of solutions containing only HTe2

1

(Epc . 2240 mV) or only Bi31 (Epc . 280 mV) for comparable
concentrations. This behavior is due to the formation of a compo
on the surface of the electrode, which shifts the potentials. T
process is known as mutually induced codeposition mechanis34

autoregulation, or pure underpotential deposition~UPD! and corre-
sponds to Class II compounds of the induced codeposition me
nism as described by Kro¨ger.34 This type of deposition occurs whe
the two reversible~Nernst! potentials for the two separate cation
are closer than;250 mV and the free energy of formation of th
compound provides a sufficient decrease in the anodic terms in
Butler-Volmer equations. Under these conditions, the cathodic c
ponents cause net deposition of both elements, at comparable
at more positive potential of where either element depo

Figure 5. Voltammograms in HNO3 1 M of Bi31 (0.753 1022 M) and
HTeO2

1 (1 3 1022 M). ~1! Aliquots of a concentrated Bi31 in 1 M HNO3

solution were added:~2! 0.2 mL, ~3! 0.4 mL, and~4! 0.8 mL. Scan rate
5 0.01 V/s21, room temperature.
ls
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individually.35 After applying potentials more negative thanca. 250
mV, a deposit forms on the working electrode. The identity of t
deposit is determined to be Bi2Te3 by XRD; elemental Bi and el-
emental Te are not detected in the XRD pattern. Therefore, we
sign peak D as the reduction of HTeO2

1 and Bi31 to Bi2Te3 accord-
ing to the general reaction, Reaction 1, whenDGf

o

5 2899.088 kJ/mol The direct deposition of Bi2Te3 instead of the
codeposition of Bi~s! and Te~s! is consistent with the negative fre
energy of formation for Bi2Te3 and with the Pourbaix diagram in
Fig. 1. This reaction is consistent with the general equation that
been reported in previous work.19,20

In order to learn more about the process by which Bi2Te3 is
deposited, we examined the effects of variations in the concen
tions of Bi31 and HTeO2

1 on the CVs. Aliquots of a concentrate
Bi31 solution ~in 1.00 M HNO3) were added successively to a s
lution with initial concentrations of 13 1022 M HTeO2

1 and 0.75
3 1022 M Bi31. After each addition, the CVs shown in Fig. 5 we
recorded. A similar series of CVs were recorded after succes
additions of a concentrated HTeO2

1 solution ~in 1.00 M HNO3) to
the same stock solution as shown in Fig. 6. The potential at wh
the reduction peaks occur as well as the peak currents do not ch
significantly after successive additions of either Bi31 ~see Fig. 5! or
the addition of HTeO2

1 ~see Fig. 6!. That would imply that the cur-
rent depends on the species adsorbed onto the electrode surfac
also noticeable that there is a sharp increase in current at the d
sition potential for Bi2Te3 . This suggests that the reduction is ass
ciated with a species adsorbed onto the electrode surface. Ind
previous studies have shown that HTeO2

1 adsorbs strongly onto P
electrodes.33 For these reasons, we propose that the first step in
deposition process involves the reduction of HTeO2

1 adsorbed onto
the electrode to produce Te and this triggers the reduction of Bi31 as
follows

HTeO2
1 1 3H1 1 4e2 → Te 1 2H2O E0 5 0.56 V @7#

3Te1 2Bi31 1 6e2 → Bi2Te3 E0 5 0.45 V @8#

Figure 6. Voltammograms in HNO3 ~1! 1 M of Bi31 0.75 3 1022 M and
HTeO2

1 1 3 1022 M, ~1! Aliquots of a concentrate HTeO2
1 in 1 M HNO3

solution were added:~2! 0.2 mL, ~3! 0.4 mL, and~4! 0.8 mL. Scan rate
5 0.01 V/s21, room temperature.
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The deposition takes place by the electrochemically induced re
tion of HTeO2

1 and the reaction with Bi31. A similar two-step depo-
sition mechanism has been proposed previously for the depositio
others tellurides and selenides.36-41

There is a second peak~peak E withEpc . 2500 mV) in the CV
for the deposition of Bi2Te3 , as shown in Fig. 4. As was the case f
the second peak observed for solutions containing only HTeO2

1 , the
assignment of this peak is not straightforward. Again, we can c
sider two processes, the direct reduction of HTeO2

1 to H2Te and the
reduction of the product of the process associated with peak D~in
this case, Bi2Te3) to H2Te. In order to decide between these pos
bilities, we compared the thermodynamic values for the two red
tion reactions, Reaction 4 plus

Bi2Te3 1 6H1 1 6e2 → 2Bi 1 3H2Te E0 5 20.872 V
@9#

The reduction of Bi2Te3 to H2Te is less favorable than the reductio
of HTeO2

1 to H2Te. On the basis of these thermodynamic calcu
tions, we associate peak E with the direct reduction of HTeO2

1 to
H2Te since this has to occur at lower potentials than the reductio
Bi2Te3 to H2Te. This is the same assignment as for peak C, w
only HTeO2

1 is present.
As was the case for peak C, Reaction 4 cannot account for

entire process associated with peak E since H2Te (DGf
o

5 1142.7 kJ/mol) is not stable in acidic solutions in the prese
of Bi31. Instead, Bi2Te3 (DGf

o 5 277 kJ/mol) is produced as soo
as H2Te is generated, according to the following chemical react

3H2Te 1 2Bi31 → Bi2Te3 1 6H1 DGf
o 5 2688.74 kJ/mol

@10#

This reaction is consistent with the fact that no bubbles~evolution of
gaseous H2Te) are observed during the CVs. So the net proc
associated with peak E is the reduction of HTeO2

1 by a two-step
reaction involving the electrochemical generation of H2Te as an in-
termediate and the deposition of Bi2Te3 by a subsequent chemica
reaction. We have verified that deposits of Bi2Te3 persist on the
electrode even after applying potentials more negative t
2500 mV.

Peak C for solutions containing only HTeO2
1 and peak E for

solutions containing both Bi31 and HTeO2
1 are assigned to the sam

electrochemical process~the six-electron reduction of HTeO2
1).

However, when Bi31 is present, Bi2Te3 is formed in the subsequen
reaction instead of Te. The driving force for the formation of Bi2Te3

is the greater stability of the compound (DGf
o 5 2688.74 kJ/mol,

Reaction 10! vs. Te (DGf
o 5 2498.118 kJ/mol, Reaction 6!. It is

notable that the potential for peak E (Epc . 2500 mV) is more
positive compared with the potential for peak C (Epc

. 2600 mV). We attribute this difference to the formation of th
compound. We conclude that the overall process for peak E is a
the result of Reaction 1. However, this general equation is expla
by a different electrodeposition mechanism. A similar mechan
has already been proposed for CdTe.35

As shown in Fig. 5, upon addition of Bi31 there is a shift in the
potential to more negative values. If this process were due to
reduction of Bi31, then we would expect a potential shift in th
opposite direction, to more positive values. However, since by
creasing the concentration of Bi31 there is relatively less HTeO2

1

available to deposit, a shift to more negative potentials is reason
An increase in the current density is also observed.

In order to verify the effect of the pH, concentrated HNO3 was
added to the stock solution of Bi31 and HTeO2

1 ~see Fig. 7!. There
are no changes in any of the waves, but the current associated
the second reduction wave increases.
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Because the processes associated with both peaks D and E
to deposition of Bi2Te3 , we expect to see only the oxidation o
Bi2Te3 on the reverse scan. The sharp increase in current assoc
with the oxidation wave labeled F (Epa . 1430 mV) and the shoul-
der labeled G (Epa . 1440 mV) indicate that these waves corr
spond to the oxidation of a deposit on the electrode surface. Th
two closely spaced peaks suggest that the oxidation of Bi2Te3 occurs
via two steps

Bi2Te3 1 6H2O → 3HTeO2
1 1 2Bi 1 9H1 1 12e2

E0 5 0.121 V @11#

followed by Reaction 2. The total reaction is again the reverse
Reaction 1. The oxidative process can therefore be described a
oxidation of Bi2Te3 to HTeO2

1 ~wave F, Reaction 11!, followed by
an oxidation of Bi to Bi31 ~Reaction 2!.

Two possible explanations for wave G are~1! the oxidation of Bi
from Bi2Te3 following the oxidation of Te in Peak F or~2! the
oxidation of a stable layer on the surface of the electrode. U
addition of Bi31 to the solution, the area associated with peak
increases relative to peak F, as shown in Fig. 5. This is consis
with the first explanation for peak G as the oxidation of Bi fro
Bi2Te3 . The observation of a relatively larger current associa
with peak G compared with peak F upon addition of Bi31 suggests
that the deposits prepared in solutions relatively rich in Bi cont
more Bi. According to the phase diagram, excess Bi can be in
porated into the structure.42 We provide further evidence that film
of Bi-rich Bi2Te3 can be electrodeposited in the next section. W
note also that previous work has shown that when Bi31 is a limiting
reagent, Te inclusions are likely to form.33 However, it is a bit un-
usual that the compound decomposes in two steps. We might ex
that both elements would be oxidized simultaneously since t
were deposit into a compound. An alternative explanation is t
peak F is associated with the complete oxidation of Bi2Te3 . If both
Bi and Te are stripped from the electrode simultaneously, then p
G could be explained as the oxidation of a stable layer that is form
on the surface of the electrode due to a UPD process. H

Figure 7. Voltammograms in HNO3 1 M of Bi31 0.75 3 1022 M and
HTeO2

1 1 3 1022 M. ~1! Aliquots of a concentrate HNO3 were added:~2!
0.1 mL, and~3! 0.2 mL. Scan rate5 0.01 V/s21, room temperature.
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ever, since this second explanation does not account for the inc
in intensity of peak G upon addition of Bi31 to the solution, we
favor the first explanation.

The small peak labeled H (Epa . 1220 mV) is a minor oxida-
tion step. The amount of current passed for this oxidation increa
upon addition of Bi31 to the solution~Fig. 5!, but remains un-
changed upon addition of HTeO2

1 ~Fig. 6! or H1 ~Fig. 7!. Therefore,

Figure 8. Summary of the reduction potentials observed as determined
the cyclic voltammogram studies.

Figure 9. SEM micrographs of two examples of the types of morpholo
that can be observed under~a! slow and~b! fast deposition conditions.
se

s

it is likely that peak H is associated with the oxidation of Bi. Sin
this oxidation occurs at less cathodic potentials than the oxidatio
bulk Bi2Te3 , we propose that this oxidation is due to the top layer
Bi on the Bi2Te3 film. This is consistent with the processes we ha
identified for the deposition of Bi2Te3 , which involve the reduction
of HTeO2

1 followed by a reaction with Bi31. This should place Bi
on the top layer. Moreover, the structure of Bi2Te3 can accommo-
date excess Bi by incorporating layers between the main Te-Bi
Bi-Te layers of the hexagonal unit cell~adjoining layers are bound
by van der Waals’ interactions!.43 Thus, the increase in current as
sociated with peak H upon addition of excess Bi31 may be due to an
increase in the amount of Bi in the top layer.

A summary of the electrochemical and chemical processes
occur as a function of potential for solutions containing Bi31,
HTeO2

1 , and a mixture of the two are shown in Fig. 8. Propos
processes for the electrochemical reactions are also shown. We
clude that the deposition of Bi2Te3 is favorable at potentials more
negative thanca. 250 mV vs. Ag/AgCl on Pt as a working elec-
trode, but a new process for deposition appears once the potent
more negative thanca. 2500 mV.

Film deposition and characterization.—Electrodepositions of
Bi2Te3 films were carried out on platinum electrodes from20.12 to
20.52 V vs.Ag/AgCl ~3M NaCl! for 1 h each at 2°C. The depos
tion at 2°C seems to give more homogenous films than the o
obtained at room temperature. After a few seconds a deposit
peared on the electrode. In all of the cases a nearly perfect sto
ometry was found for a large range of potentials. This can be
plained because neither element can be electrodepo
individually. For that reason, a ‘‘feedback’’ exists~through increas-
ing anodic terms and immediate dissolution of any element in exc
of that required by the equilibrium constant-mass action l
aMX /aMaX 5 exp@2DGMX

o /RT#), which ensures nearly perfect MX
stoichiometry over a broad potential range as determined by th
retical modeling and computer simulation.35 The appearance of the
deposit varied with potential. For potentials near20.12 V ~vs. Ag/
AgCl!, the deposit appeared gray and very smooth by eye. A re
sentative SEM image, for a typical film grown around those pot
tials, is shown in Fig. 9a. The feature sizes are on the order of
3 0.25mm. We attribute the smoothness of the film, the unifo

y

Figure 10. X-ray diffraction pattern of a Bi2Te3 sample~mark with Miller
indices, PCPDF 15-0863! obtained from Bi31 0.75 3 1022 M and HTeO2

1

1 1022 M in HNO3 1 M solution using Pt on quartz as a substrate~mark with
Miller indices, PCPDF 04-0802!. Note that the intensity axis has been br
ken because of the strong orientation of the substrate along the 111 dire
The films are oriented along the 110 direction.
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Table II. Atomic percentages as a function of the applied potential„vs.AgÕAgCl „3 M NaCl…… for depositions on Pt electrodes calculated from
electron probe microanalysis. The concentration of the solution is HTeO2

¿
„1 Ã 10À2 M … and Bi3¿ „0.75 Ã 10À2 M … in 1 M HNO 3 . Deposition

time, 60 min except for the E Ä À0.52 in which the growth was so fast that a thick film formed in only 20 min. The 8 samples shown
correspond with the 8 points on Fig. 4.

E
applied

@Bi#
electrode %

@Te#
electrode %

Formula
as solid
solution

Composition
with the closet match

from the phase diagram Phase

20.12 39.2 60.8 Bi1.96Te3.04 Bi1.99Te3.01 Bi2Te3
20.145 39.6 60.4 Bi1.98Te3.02 Bi1.99Te3.01 Bi2Te3
20.17 43.9 56.1 Bi2.19Te2.81 Bi2.22Te2.78 Bi4Te5
20.195 45.3 54.7 Bi2.26Te2.74 Bi2.22Te2.78 Bi4Te5
20.22 47.7 52.3 Bi2.38Te2.62 Bi2.31Te2.69 Bi6Te7
20.26 57.4 43.6 Bi2.87Te2.13 Bi2.855Te2.145 Bi4Te3
20.42 45.9 54.1 Bi2.29Te2.71 Bi2.22Te2.78 Bi4Te5
20.52 44.1 55.9 Bi2.20Te2.80 Bi2.22Te2.78 Bi4Te5
.
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mity, the preferred orientation along^110& ~as detected by XRD, Fig
10! to slow growth. At more cathodic potentials the films appe
black. The feature sizes are on the order of 23 0.1mm which are
part of a more complex structure on the order of 53 5 mm. As
shown in the SEM image in Fig. 9b for a typical film grown at mo
cathodic potentials, the films are much rougher. We attribute
smaller grain size and the rough morphology to faster growth.
E < 2500 mV, the roughness can also be attributed to a chang
electrodeposition mechanism. This is consistent with the relativ
larger current observed for depositions at more cathodic potent

The phases of the films were determined by XRD. A represe
tive powder pattern is shown in Fig. 10. All diffraction peaks o
served can be attributed to either Bi2Te3 or the Pt substrate as ind
cated in the figure. The positions of the diffraction lines a
consistent with Bi2Te3 for films grown at potentials close to20.12
V vs.Ag/AgCl. Whereas the 015 diffraction peak is expected to
the most intense for randomly oriented polycrystalline Bi2Te3
samples according to the powder diffraction file for PC~PCPDF!

15-0863 (R3̄m, a 5 4.385 Å, c 5 30.48 Å), the 110 peak is the
largest in the diffraction pattern for the electrodeposited films. T
110 peak corresponds to the^110& orientation of the film, which
means that the Te-Bi-Te layers are parallel to the substrate. Thus
conclude the films are textured along the^110& direction. For films
grown at more cathodic potentials, there are small shifts in the p
positions relative the to Pt substrate peaks. This indicates that t
is a change in film composition from the ideal Bi:Te stoichiome
of 2:3. Moreover, those films present a less strong^110& orientation.

The compositions of the films were determined by EPMA.
summary of the data obtained from films electrodeposited at e
different potentials is given in Table II. The optimal Bi:Te stoich
ometry of 2:3 is achieved for depositions performed at20.12, E
, 20.145 V vs.Ag/AgCl. However, upon increasing the potenti
to more negative values,E . 20.17 V vs. Ag/AgCl, the ratio of
Bi:Te increases. A ratio of 4:5 (Bi4Te5) is observed for several films
Ratios as large as 4:3 (Bi4Te3) are observed. This kind of behavio
is advantageous because only by changing the potential, the ma
composition can be manipulated to yield both the p-type~Bi-rich
phases!24 and n-type~stoichiometric Bi2Te3)24 branches of a ther-
moelectric device or create multilayers of p- and n-type materia
pulsing the potential.

The peak shifts observed in the XRD diffraction patterns and
compositions measured by EPMA are consistent with those repo
for stacking variants of Bi21xTe32x .23,42 Excess Bi can be incorpo
rated into Bi2Te3 by introducing a Bi layer between existing Te-B
Te-Bi-Te units. Such stacking variants or polytypoids are rep
sented as Bi21xTe32x ~wherex 5 1.5, 1.335, 0.855, 0.5, 0.31, an
0.22!.42 Therefore, we conclude that as the deposition potentia
made more negative, Bi-rich phases are obtained.
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While Bi2Te3 can accommodate an excess of Bi,42 only small
amounts of excess Te are found as antisite defects. Large exces
Te result in the precipitation of pure Te.40 For systems such as CdTe
Te metal inclusions have been found when depositions are
formed under low Cd21 concentrations and at very negativ
potentials.40 We have not detected Te inclusions by XRD, and t
microprobe analyses indicate that we do not have large excess
Te in our films.

While we do not have Te inclusions in the bulk of the film~as
detected by XRD!, the film composition near the substrate is
particular concern. It has been observed for the electrodepositio
chalcogenides~such as CdTe! from Mn1 and HTeO2

1 electrochemi-
cal baths that the film near the substrate can be Te-rich if the in
interfacial concentration of HTeO2

1 is greater than the steady-sta
value.33 In addition, it seems to be a slight concentration gradien
Te at the base of electrodeposited nanowires of Bi2Te3 when the
wires are grown quickly.44

We conclude that if the concentration of Bi31 in solution is too
low or its diffusion too slow to complete Reaction 8, then we mig
expect to find Te inclusions in the Bi2Te3 deposits. On the othe
hand, if the concentration of Bi31 is very high, then the Bi2Te3

deposits are Bi rich. Indeed, since HTeO2
1 is adsorbed in the first

step of the deposition process, the final composition of the a
depends strongly on Bi diffusion. We have found that one set
conditions that lead to the deposition of stoichiometric films
Bi2Te3 is with an excess of HTeO2

1 in solution compared with Bi31,
and a potential that is not very negative. Specifically, we u
HTeO2

1 (1 3 1022 M) and Bi31 (0.753 1022 M) in 1 M HNO3 ,
and a deposition potential of20.12 V vs.Ag/AgCl at 0°C.

Conclusion

The electrodeposition of Bi2Te3 is complex, involving two dif-
ferent processes depending on the applied potential. The depos
of Bi2Te3 is favorable at potentials negative ofca. 250 mV, but a
new mechanism of deposition appears once the potential is m
negative thanca. 2500 mV. Furthermore, from the analyses of th
CVs and the compositions of the resulting films, we conclude t
when HTeO2

1 is a limiting reagent, Bi-rich phases form.
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