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ABSTRACT

Films and arrays of 200 and 50 nm diameter wires of Bi2Te3-xSex have been electrodeposited in the following general reaction: 2Bi3+ +
(3−y)HTeO2

+ + (y)H2SeO3 + (9+y)H+ + 18e- f Bi2Te3-ySey + (6+y)H2O. Films produced from an electrolyte of 0.0075 M Bi, 0.0090 M Te,
and 0.0010 M Se in 1 M HNO3 at a potential of ∼0 V vs Ag/AgCl are single phase with composition Bi2Te2.6Se0.4 as determined by X-ray
diffraction, energy-dispersive X-ray spectroscopy, and scanning electron microscopy. Similar conditions yield arrays of 200 and 50 nm Bi2Te3-ySey

wires when deposited into porous alumina templates. The wires are single phase, crystalline, and textured, with up to 85% pore filling.

Introduction. Thermoelectric materials are attracting re-
newed interest because of the promise that low-dimensional,
or quantum-confined, systems will have greater efficiencies
compared with bulk materials.1 If the thermoelectric efficien-
cies are improved by a factor of∼3, then thermoelectric
coolers and power generators will become competitive with
conventional compressor-based refrigerators and power
sources.2 Good target materials for thermoelectric nanowires
are Bi2Te3 derived alloys, Bi2Te3-ySey (n-type) and Bi2-xSbxTe3

(p-type). These are currently the most efficient thermoelectric
materials at 25°C in bulk form. Prior work has shown that
high quality arrays of Bi2Te3 nanowires can be obtained by
electrodeposition into porous alumina templates.3 Since a
working thermoelectric device consists of n-type and p-type
legs assembled thermally in parallel and electrically in series,
the critical next step is the preparation of n- and p-type
materials. In this paper, we report the electrochemical
synthesis of wire arrays in porous alumina of n-type
Bi2Te3-ySey with y ∼ 0.3. This composition is the one that
is optimal for bulk thermoelectric applications of Bi2Te3-ySey.2

Prior work has shown that Bi2Te3 can be deposited directly
by electrochemical reduction of HTeO2

+ from acidic aqueous
solutions in the presence of Bi3+.3-5 By attaching a porous
alumina template to a conducting material, the growth of
Bi2Te3 can be confined by the pore walls. Since the
deposition occurs by electron transfer from the surface of
the conducting material, Bi2Te3 nucleates at the bottom of
the pores and grows continuously up the pore. Several
desirable characteristics of the materials produced by this
method are that the wires are continuous, the pore densities
(∼7 × 1010 pores/cm2) and aspect ratios (up to∼1000) are
high, and the pore dimensions are tunable over a wide range
of diameters (∼7 nm to 300 nm) and lengths (to>100µm).6

There has been a previous report on the preparation of films
of Bi2Te3-ySey (y ) 0.05).7 We have therefore extended prior
work to fabricate 200 and 50 nm wire arrays of the ternary
Bi2Te3-ySey alloy. The 50 nm diameter wires are small
enough to anticipate phonon-dampening effects, which
should lead to an enhanced thermoelectric Figure of
Merit.2,8-11,15

Experimental Section.Solutions of Bi3+ (7.5× 10-3 M)
plus (a) HTeO2

+ (9 × 10-3 M) and H2SeO3 (1 × 10-3 M);
(b) HTeO2

+ (8 × 10-3 M) and H2SeO3 (2 × 10-3 M); and
(c) HTeO2

+ (1 × 10-2 M) in 1 M HNO3 were studied.
Concentrated nitric acid (Fisher, 69.1%) was used to dissolve
elemental Bi (Mallinckrodt, 99.8%), Se (Stream Chemicals,
99.99%), and Te (Alfa Aesar, 99.9998%), and the solution
was subsequently diluted to 1 M HNO3. Solutions (a) and
(b) were used to prepare films, and 200 and 50 nm wire
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arrays. The 200 nm templates were purchased from Whatman
and the 50 nm porous alumina templates were prepared as
described previously.3

Cyclic voltammograms were recorded with a Bioanalytical
Systems Basomatic CV50W unit. A three-electrode electro-
chemical cell was employed consisting of a Ag/AgCl
reference electrode (3M NaCl, 0.175 V vs NHE), a Pt disk
working electrode, and a Pt wire counter electrode. The
working electrode was polished and ultrasonically cleaned
before each voltammogram in order to ensure a clean surface
for each scan. Voltammograms were recorded at different
scan rates (between 1 and 50 mV/s) and multiple scans were
done for each scan rate. Typical scans performed at 10 mV/s
are shown for comparative purposes in this paper. The
potential limits for the voltammograms were established by
scanning first from 2 to-2 V to determine the solvent
window and the oxidation-reduction potentials.5

Electrodeposition of Bi2Te3-ySey was performed using a
standard three-electrode cell (EG&G PAR model 273 po-
tentiostat/galvanostat). The working electrode was a 1 cm
diameter 200 nm porous alumina filter obtained from
Whatman or a homemade template with a Pt layer sputter
deposited on one side (RANDEX, Perkin-Elmer model
2400). The alumina template was then glued with Ag paint
to a Cu wire. The back of the composite was insulated with
clear nail polish to ensure that deposition could occur only
at the base of the pores. The counter electrode was Pt gauze
attached to a Pt wire and the reference electrode was the
same as above. The volume of the electrolytic bath was 50
mL and the temperature was 25°C for all depositions.
Depositions of Bi2Te3-ySey were performed under potentio-
static control with potentials-0.1 V < E < +0.1 V vs
Ag/AgCl using solutions (a) and (b), see top of the section.

The composition and morphology of the films and nano-
wire arrays were analyzed using several techniques: energy
dispersive spectroscopy (in both a JEOL 6300 SEM and a
JEOL 200CX TEM); X-ray diffraction (Siemens D5000, Cu
KR radiation, 40 kV, 30 mA); and field emission scanning
electron microscopy (FESEM, Hitachi S-5000). Energy
dispersive spectroscopy (EDS) was used to determine the
chemical composition of the film and nanowires. In a typical
EDS measurement on a film, the composition was measured
at 5 points along the length of the cross section of the film.
The standard deviations of the measurements were within 3
atomic %, which is typical for samples with such surface
roughness. To prepare specimens for study by SEM, the Pt
layer was removed by mechanically polishing on a Buehler
Ecomet 3 variable speed grinder/polisher using a colloidal
SiO2 dispersion (diameter∼50 nm, Allied) on a Buehler
polishing microcloth and soaked for several hours to
eliminate the polishing remains from the surface. For 200
and 50 nm wire arrays, lattice parameters and chemical
compositions were calculated from diffraction peak shifts
relative to the peak positions for the binary Bi2Te3 using the
Pt substrate as an internal standard, and by EDS of single
nanowires in the TEM. For the TEM study, a 45 g/L CrO3

in 3.5 vol % H3PO4 solution was used to selectively dissolve
the alumina template for approximately 1 day, followed by

replacing the etching solution with isopropyl alcohol through
a series of dilutions, and then dispersing the remaining
individual wires onto a TEM grid. Field emission scanning
electron microscopy was carried out to determine the
morphology and grain size of the electrodeposited thin films
and of the 200 and 50 nm nanowire arrays.

Results and Discussion.Cyclic voltammograms for
solutions with and without H2SeO3 are compared in
Figure 1. The overall reaction responsible for the deposition
can be described as

Note: HTeO2
+ and H2SeO3 are the stable species for Te4+

(aq)

and Se4+
(aq) at pH ) 0, according to the E-pH Pourbaix

diagram.12

The reduction processes for electrolytes containing H2SeO3

(-) are comparable to those without H2SeO3 (- - -). There
are two reduction processes in both cases, indicating two
different mechanisms for the deposition of Bi2Te3-ySey, as
has been reported previously for Bi2Te3.5 For solutions with
Se, Te1-xSex alloys are formed instead of elemental Te.5 The
shift of the reduction potentials to more positive values upon
addition of H2SeO3 is consistent with previous reports that
the deposition of Bi2Se3 occurs at more positive potentials
compared with Bi2Te3.13 The observation of a reduction
potential between Bi2Te3 and Bi2Se3 implies formation of a
single phase with a reduction potential that is between the
reduction potentials of the binary alloys.

To test the hypothesis of the direct formation of the
compound, films were electrodeposited to examine the
composition, homogeneity, and crystallinity of the deposited
material. When the potential was held more negative than
∼0 V vs Ag/AgCl, a dark deposit was observed on the Pt

Figure 1. Cyclic voltammetry scans. Solutions of Bi3+ (7.5× 10-3

M) plus (-) HTeO2
+ (9 × 10-3 M), and H2SeO3 (1 × 10-3 M)

and (- - -) HTeO2
+ (1 × 10-2 M) in 1 M HNO3. Scan rate) 0.01

Vs-1, reference electrode) Ag/AgCl (3 M NaCl), temperature)
25 °C. A and B correspond to the two reduction peaks for each
compound.

2Bi3+ + (3-y)HTeO2
+ + (y)H2SeO3 + (9+y)H+ +

18e- f Bi2Te3-ySey + (6+y)H2O (1)
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electrode. Energy dispersive spectroscopy (EDS) analysis of
films deposited at-0.1 V vs Ag/AgCl confirmed the
substitution of about 13% of the Te by Se. This could mean
that Se has substituted for Te and one phase has formed, or
that the film is a mixture of Bi2Te3 and Bi2Se3. All maxima
in the powder X-ray diffraction pattern (XRD) for the
deposits could be indexed to the rhombohedral space group,
R3hm, for the Bi2Te3 structure-type, indicating that a single
phase had formed. The peaks are shifted to smallerd spacings
compared to pure Bi2Te3 and fall roughly in the middle of
those observed for Bi2Te3 (PDF 15-0863;a ) 4.385 Å,c
) 30.48 Å) and Bi2Te2Se (PDF 29-0247;a ) 4.240 Å,c
) 29.66 Å). Taken together, the EDS and XRD results
confirmed the electrodeposition of a single phase and
indicated an approximate composition of Bi2Te2.6Se0.4. This
is close to the level of Se substitution of 10-16% in Bi2Te3

for the n-type leg used in thermoelectric devices.2

To determine that the dominant carriers for Bi2Te3-ySey

films are in fact electrons, the Seebeck coefficient was
measured at room temperature. For these measurements
Bi2Te3-ySey films were electrodeposited onto a conducting
sheet (Mo). Two different kinds of samples were prepared
for comparison. Sample I (a cross section is shown in Figure
2a) was grown under fast conditions using solution (a). The
composition of the sample was found to be Bi2.1Te2.6Se0.3 as
determined by EDS and its color was black. Sample II (cross
section shown in Figure 2b) was grown under slower growth
conditions using solution (b). The composition of the sample
was determined to be Bi2Te2.4Se0.6 by EDS and it was gray.
The Seebeck coefficients of as-deposited films were inho-
mogeneous across the films with values ranging from-10
to -55 µV/K near room temperature for both films in
contrast to that expected (-180 to-200 µV/K) from bulk
material with the same sample composition and crystal
structure. Heating the films (both samples I and II) at 250
°C in forming gas for 2 h yielded Seebeck values that were
more homogeneous across each film, with Seebeck coef-

ficients ranging from-40 to-55 µV/K near room temper-
ature. These values are in good agreement with those reported
previously for n-type Bi2Te3 electrodeposited films.14 Con-
sidering that Se substitution for Te generally reduces the
magnitude of the Seebeck coefficient in bulk material,15 the
results for the alloy films are encouraging. As can also be
seen in Figure 2a and 2b, slower growth conditions give
smoother and denser films, although more time is needed to
achieve the same film thickness (∼10 µm); 3 vs 5 h,
respectively.

Wire arrays with 200 nm diameters were prepared using
commercially available porous alumina. Pt was sputtered
onto one side of the alumina, and the alumina/Pt composite
was used as the working electrode. Note that Pt was used
instead of Ag (as it had been used in previous work for
deposition of host Bi2Te3)3 because Se reacts with Ag. The
conditions for the deposition of films were used successfully
for deposition into the 200 nm porous alumina templates.
The templates became uniformly gray in color during
deposition, when slower growth conditions were used. The
deposition was allowed to continue for about 22 h until an
increase in the current was observed, indicating that some
of the pores were filled and deposition was now occurring
on the top surface. The composition of the deposit on the
top surface as determined by EDS was Bi2.1Te2.4Se0.5, similar
to that observed for films. Note that no cross-section
compositional analysis can be done for phases with Se within
an alumina template since the Se L line overlaps with the
Al K R line in an EDS spectrum and the amount of Se in the
wire is small compared with the amount of Al from the
template. In previous work with Bi-Sb phases, we deter-
mined that the composition on the surface is not the same
as in the wires. Since EDS on the SEM seems to provide
information that is consistent with other measurements (e.g.,
XRD), and since it is interesting to know the homogeneity
of the composition along the length of the wire, single-wire
measurements were done in a TEM in order to elucidate both
the composition and the homogeneity of the composition
along the wires. The alumina was selectively etched using a
CrO3/H3PO4 bath to free the Bi2Te3-ySey wires in solution.
After dispersing droplets of the solution on a transmission
electron microscope grid, the composition along the length
of the wire was analyzed by EDS, confirming a composition
of Bi2Te2.5Se0.5.

After polishing the excess film off the top surface, SEM
images revealed that∼75% of the pores were filled. Cross-
sectional images, Figure 3, show that the individual wires
were continuous and dense,∼200 nm in diameter and∼20
µm long (an aspect ratio of 100), resulting from a deposition
rate that was very slow (∼0.9 µm/h). The individual wires
filled the pores, and the sides and edges were smooth. The
XRD patterns for the 200 nm wire arrays were similar to
those described above for films, indicating that the wires
were polycrystalline and single phase with a composition
determined by XRD to be Bi2Te2.5Se0.5. It is notable that the
110, 205, and 125 peaks are higher in intensity than expected
for a random polycrystalline sample (see Figure 4). The very
high intensity of the 110 peak relative to the 015 peak (more

Figure 2. Cross section of two different films on Mo sheet: (a)
∼10 µm Bi2.1Te2.6Se0.3 black in color, rapid growth conditions, and
(b) ∼10 µm Bi2Te2.4Se0.6 gray in color, slower growth conditions.
The depositions were carried out atE ∼ -0.1 V vs Ag/AgCl (3M
NaCl).
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intense for a polycrystalline sample) is due to preferred
orientation, indicating that the wires are textured along [110].
There is a broad low angle bulge due to the amorphous Al2O3

template, and the wires are highly crystalline as confirmed
by the bright field/dark field TEM images shown in
Figure 5.

Obtaining high quality 50 nm wire arrays was significantly
more difficult.3 The templates must be free of cracks or the
deposition will occur preferentially into the crack rather than
the smaller diameter pores. We have fabricated the templates
using a procedure published previously.3,16 In addition, the
electrochemical processes are altered at the small pore sizes
because of changes in diffusion rates to the electrode surface
at the base of the pores. This slows down the deposition
process below the rate obtainable for films or for larger, 200
nm pore, templates. It took approximately 20 h to fill 25
µm of a 60µm thick template with 50 nm pores, at 2°C
and at∼+0.1 V vs Ag/AgCl. The current density was∼1
mA/cm2 and the solution conditions were the same as those

used for 200 nm arrays and films. However, the slower
growth rate also increases the wire quality, yielding higher
crystallinity and improved compositional homogeneity. It is
interesting to note that by reducing the pore size, the effective
potentials became more positive or less negative (0 V vs
+0.1 V vs Ag/AgCl for 200 and 50 nm, respectively).

Figure 3. Cross-section of 200 nm Bi2.1Te2.4Se0.5 wire array. The
wires are continuous, dense, and∼20 µm long. The depositions
were carried out atE ∼ 0 V vs Ag/AgCl (3 M NaCl) for 20 h.
Arrows: A indicates the 200 nm Bi2.1Te2.4Se0.5 wires and B the
alumina template.

Figure 4. XRD pattern of 200 nm Bi2.1Te2.4Se0.5 wire array. The
deposition was carried out atE ∼ 0 V vs Ag/AgCl (3 M NaCl) for
20 h.

Figure 5. A single Bi2.1Te2.4Se0.5 wire with a diameter of∼200
nm. Bright field/dark field pair shows that the wires are highly
crystalline.

Figure 6. SEM of 50 nm Bi2Te3-ySey nanowire arrays: (a) cross
section using secondary electrons and (b) bottom view after removal
of the Pt electrode by mechanical polishing using backscattering
electrons. The electrodeposition conditions of these images were
carried out atE ∼ +0.1 V vs Ag/AgCl (3 M NaCl) for 15 h.
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The 50 nm templates became gray in color during
deposition, although it took more time than for comparable
experiments on binary Bi2Te3 alloys. X-ray diffraction
patterns are similar to those obtained for the films and 200
nm wire arrays, although the signal-to-background ratio is
smaller because there is less material present in the 50 nm
template. The XRD patterns indicate that the samples are
polycrystalline and single phase with a composition between
that of Bi2Te3 and Bi2Te2Se, similar to the films and 200
nm wires. SEM images in cross-sectional view using
secondary electrons indicate that the individual wires are
continuous and very dense, as shown in Figure 6a. The
individual 50 nm wires fill the pores and the wire edges are
relatively smooth. A backscattering SEM image of the
bottom of the template after removal of the Pt by mechanical
polishing (see Figure 6b) reveals regions with good pore
filling ( ∼85%) in which the wires are fairly uniform in
diameter.

Conclusions.We conclude that electrodeposition at po-
tentials near 0 V vs Ag/AgCl from a solution of Bi3+ and
HTeO2

+ in 1.0 M HNO3 to which H2SeO3 has been added
yields films and wires of Bi2Te3-ySey. The films and wires
are single phase and crystalline, and the wires are dense,
highly crystalline, continuous, and uniform. The very slow
deposition rate produces not only high quality nanowires but
also uniform nanowire lengths across the template. The high
degree of pore filling yields a high wire density as is
necessary to carry the current for the n-type leg in thermo-
electric devices.
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