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A two-step electrochemical anodizationwas used to form the anodic aluminumoxide (AAO) thin filmswith nanotube arrays of self-
organized honeycomb structure. Al foil was anodized in 10% sulfuric acid (H

2
SO
4
) and 3% oxalic acid (H

2
C
2
O
4
) at 25∘C at constant

voltage of 40V for 60min for two times. Ethylene glycol (C
2
H
6
O
2
) was used as a solution and 0.3M potassium iodide (KI) was used

to improve the solution’s conductivity. Different electrolyte concentrations of Bi(NO
3
)
3
-5H
2
O, SbCl

3
, and TeCl

4
were added into

KI-C
2
H
6
O
2
solution and the cyclic voltammetry experiment was used to find the reduced voltages of Bi3+, Sb3+, and Te4+ ions.The

potentiostatic deposition and pulse electrodeposition (PED) processes were used to deposit the (Bi,Sb)
2−𝑥

Te
3+𝑥

-based materials.
Field-emission scanning electron microscope and energy dispersive spectrometers were used to analyze the compositions of the
deposited (Bi,Sb)

2−𝑥
Te
3+𝑥

-based materials. After finding the optimal deposition parameter of the PED process the AAO nanotube
arrays were used as the templates to deposit the (Bi,Sb)

2−𝑥
Te
3+𝑥

-based thermoelectric nanowires.

1. Introduction

Thermoelectric energy conversion has attracted much inter-
est as a possible application for environmentally friendly
electric-power generators and highly reliable, accurate tem-
perature controllable refrigerators used as electronic devices
because it is one of the simplest technologies applicable to
energy conversion [1–4]. The efficiency of thermoelectricity
is governed by a basic property of thermoelectric material,
and the figure of merit of a thermoelectric material is defined
by

𝑍𝑇 =
𝑆
2
𝑇𝛿

(𝜅
𝑒
+ 𝜅
𝑙
)
, (1)

where 𝑇 is the absolute temperature. As (1) shows, optimally
thermoelectric materials will have high electrical conduc-
tivity (𝛿), low thermal conductivity (the electron thermal

conductivity 𝜅
𝑒
and the lattice thermal conductivity 𝜅

𝑙
), and

high thermoelectric power (𝑆, Seebeck coefficient). For a
material to be good in thermoelectric application, it must
have a high thermoelectric figure of merit 𝑍𝑇. Much of
the recent work on thermoelectric materials has focused on
the ability of heterostructures and quantum confinement to
increase efficiency over bulk materials [5–7].

So far, the thermoelectric materials used in applica-
tions have all been in bulk (3D) and thin film (2D)
forms. However, Hicks and Dresselhaus had pointed out
that low-dimensional materials have better efficiency than
bulk ones due to low-dimensional effects on both charge
carriers and lattice waves [8]. However, since the 1960s only
slow progress has been made in enhancing 𝑍𝑇 [9], either
in (Bi, Sb)

2−𝑥
Te
3+𝑥

-based alloys or in other thermoelectric
material. The validity of attaining higher 𝑍𝑇 value in low-
dimensional systems has been experimentally demonstrated
on Bi

2
Te
3
/Sb
2
Te
3
superlattices [10] and on PbTe/PbSeTe
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Figure 1: 3 wt%-KOH was used to remove the barrier layer as a function of etched time: (a) 0min, (b) 3min, (c) 6min, and (d) 7.5min,
respectively, and (e) side view of nanotubes.

quantum dots [11] with 𝑍𝑇 ∼2.4 and 1.6, respectively, at
300K. Therefore, nanowires are potentially structured to get
good thermoelectrical systems for application. In the past,
electrochemical deposition was a useful method to deposit
the thin films in different morphologies, including thin films
and nanowires [12]. Various techniques, including chemical
vapor deposition [10], molecular beam epitaxy [13], vapor-
liquid-solid growth process [14], and hydrothermal process
[15], have been applied to synthesize thin film-, nanowire-,
or nanotube-structured thermoelectric materials. Compared
to those methods, electrodeposition is one the most cost-
effective techniques to fabricate the nanostructured materi-
als [16]. Bismuth telluride- (Bi

2
Te
3
-) [17] and (Bi,Sb)

2
Te
3
-

based alloys [18] are very attractive thermoelectric (TE)
materials due to their high energy conversion efficiency at
ambient temperature for achieving power generation without
requiring any driving parts or cooling systems in electronic
devices. In this study, we tried to investigate a new method
for fabrication of the (Bi, Sb)

2−𝑥
Te
3+𝑥

-based thermoelectric
materials with one-dimension (1D) structure. Anodic alu-
minum oxide (AAO) thin films with the nanotube structure
were used as template to fabricate the (Bi, Sb)

2−𝑥
Te
3+𝑥

-based
nanowires. At first, ethylene glycol (C

2
H
6
O
2
) was used as

the solution and 0.3M potassium iodide (KI) was added to
improve the conductivity of the solution. Electrolyte formulas
with different concentrations of Bi(NO

3
)
3
-5H
2
O, SbCl

3
, and

TeCl
4
were used to find the effects of ionic concentrations on

the composition fluctuation of the reduced (Bi, Sb)
2−𝑥

Te
3+𝑥

-
based materials by using the potentiostatic deposition pro-
cess. Finally, the ethylene glycol solution contains 0.015M
Bi(NO

3
)
3
-5H
2
O, 0.005M SbCl

3
, and 0.0075MTeCl

4
andwas

used to deposit (Bi, Sb)
2−𝑥

Te
3+𝑥

-based nanowires in AAO

templates by means of the pulse electrodeposition (PED)
process.

2. Experimental Details

For the AAO templates, annealed high-purity (99.99%)
aluminum foil was electropolished in a mixture of HClO

4

(25% in volume ratio) and C
2
H
5
OH (75%) until the root-

mean-square surface roughness of a typical 10𝜇m × 10 𝜇m
area was 1 nm. In this study a two-step electrochemical
anodization was used to form the AAO template [19]. For
the first anodization process, the foil was anodized in 10%
sulfuric acid (H

2
SO
4
) and 3% oxalic acid (H

2
C
2
O
4
) at 25∘C at

constant voltage of 40V for 5 h, for that the AAO substrates
with nanotube arrays of self-organized honeycomb structure
were obtained. Then the semifinished AAO templates were
produced and subsequently the thick oxidewas stripped away
by immersing the AAO samples in a mixture containing
2wt% chromic acid and 6wt% phosphoric acid at 60∘C.
The second anodization process, which was similar to the
first stage, was carried out until the remaining Al sample
was completely anodized, and the finished AAO templates
were thus fabricated [20]. Nevertheless, we further widened
the pores of AAO templates by using a 5wt% phosphoric
acid solution at 25∘C for 30min. The cylindrical nanotubes
penetrated the entire thickness of the AAO templates. As
Figure 1(a) shows, the hole diameter of each pore was
approximately 70 nm and the pitch between one neighboring
pores, as Figure 1(b) shows, was about 100 nm. In order to
deposit the (Bi, Sb)

2−𝑥
Te
3+𝑥

-basednanowires the barrier layer
between theAAOnanotubes andAl plate should be removed.
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The 3wt%-KOH was used as the etched electrolyte solution;
Figures 1(a)–1(d) show the effect of the KOH-etched time;
7.5min was enough to remove barrier layer. For that, the
cylindrical nanotubes penetrated the entire thickness of the
AAO templates; as Figure 1(e) shows, the hole diameter of
each tube was approximately 60∼65 nm and the hole wall of
each tube was around 35∼40 nm.

In the conventional direct current (DC) plating, only
one parameter of current density (I) can be varied. But in
pulse electrodeposition (PED) process three independent
variables, including (a) on time (𝑇on), (b) off time (𝑇off ), and
(c) peak current density (IP), can be used as the independent
variables. For that, the PED process was used to deposit
the (Bi, Sb)

2−𝑥
Te
3+𝑥

-based thermoelectric nanomaterials and
nanowires. In pulse current (PC), the duty cycle correspond-
ing to the percentage of total time of a cycle is given by [21]

Duty cycle =
𝑇on

(𝑇off + 𝑇on)
= 𝑇on𝑓, (2)

where 𝑓 is frequency, defined as the reciprocal of the cycle
time. That is,

Frequency (𝑓) = 1

(𝑇off + 𝑇on)
=
1

𝑇
. (3)

PC will deposit metal at the same rate as the provided DC
average pulse current density equals the latter. The average
current density (IA), in pulse plating, is defined as

IA = peak current (IP) × duty cycle . (4)

The successfully practical applications of the nanos-
tructured thermoelectric devices must investigate a cost-
effective and high throughput fabrication process. At first,
potentiostatic deposition process was used as the deposition
process, ethylene glycol (C

2
H
6
O
2
) was used as a solution,

and 0.3M potassium iodide (KI) was added to improve the
conductivity of the solution. Bi(NO

3
)
3
-5H
2
O, SbCl

3
, and

TeCl
4
were used as the electrolyte sources. The effect of elec-

trolyte concentrations on the compositions of the deposited
(Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials was investigated. Next, the
duration of 𝑇off (𝑇on was set at 0.2 s) and the reduced
voltage during the duration of 𝑇on were changed to find the
optimal deposition parameters to get the (Bi, Sb)

2−𝑥
Te
3+𝑥

-
based materials with (Bi + Sb)/Te atomic ratio close to 2/3.
Finally, deposition of (Bi, Sb)

2−𝑥
Te
3+𝑥

-based nanowires in
AAO templateswas investigated bymeans of pulse deposition
process by using the ethylene glycol solution containing
0.015MBi(NO

3
)
3
-5H
2
O, 0.005MSbCl

3
, 0.0075MTeCl

4
, and

0.3M KI. The field-emission scanning electron microscope
(FESEM) and energy dispersive spectrometers (EDS) were
used to observe themorphology and analyze the composition
of the deposited (Bi, Sb)

2−𝑥
Te
3+𝑥

materials and nanowires.

3. Results and Discussion

At first, we used the cyclic voltammetry experiment to find
the optimally reduced voltages of Bi3+, Sb3+, or Te4+ ions,
respectively. The working electrode potential was linearly

0.4 0.2 0.0 −0.2 −0.4 −0.6 −0.8
−1.6

−1.3

−1.0

−0.7

−0.4

−0.1

0.2

Cu
rr

en
t (
×
10

−
4

A
)

Potential (V)

Figure 2: Cyclic voltammetry curve of the 0.3M KI in ethylene
glycol.

ramped versus time like linear sweep voltammetry, and the
experiment’s scan rate was 10mV/sec and the scan range
is 0.4V to −0.7V. If only pure ethylene glycol (C

2
H
6
O
2
)

was used as analyte, the current peak for the reduced and
oxidized reactions was not observed (not shown here). If
only 0.3M KI was added into C

2
H
6
O
2
as electrolyte, the

current peak for the reduced and oxidized reactions was
not observed in the range of 0.20V to −0.70V (not shown
here). As the voltage was in the range of 0.20V to 0.40V, the
oxidized current increased, as Figure 2 shows. Those results
prove that the ethylene glycol is used as the solvent, KI can
be added to improve the conductivity, and they will not
influence the results of the cyclic voltammetry deposition.
And next, 0.01M Bi(NO

3
)
3
-5H
2
O, 0.01M SbCl

3
, and 0.01M

TeCl
4
each alone was added and pure ethylene glycol was

used as analyte. The reduced reactions found that starting
reduction voltages of Bi3+, Sb3+, and Te4+ ions were −0.23V,
−0.23V, and 0.20V, respectively (not shown here).The results
of the cyclic voltammetry curves suggest that Te4+ will be the
first ions being reduced into metal.

If 0.01MBi(NO
3
)
3
-5H
2
Oand 0.01MTeCl

4
were coadded

in pure ethylene glycol, the cyclic voltammetry curve was as
shown in Figure 3; if 0.01M Bi(NO

3
)
3
-5H
2
O, 0.01M SbCl

3
,

and 0.01M TeCl
4
were all added in pure ethylene glycol, the

cyclic voltammetry curve was as shown in Figure 4. The first
reduced reaction in Figures 3 and 4 started at around 0.2V.
From the results of using 0.01M Bi(NO

3
)
3
-5H
2
O, 0.01M

SbCl
3
, and 0.01M TeCl

4
each alone we can confirm that is

the reduction process of the Te4+ ions. Those results suggest
that, as large negative voltage was used as the reduced voltage,
the deposited compositions are composed of Bi, Sb, and Te.
The reduction of Bi3+, Sb3+, and Te4+ ions is not unique;
they cannot be reduced alone by electrodeposition but can
be reduced when codeposited with other elements, defined as
induced codeposition. As ethylene glycol is used as analyte,
the induced codeposition process, which is found in using
water as analyte, will not happen. The large difference in the
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Table 1: Effects of deposition voltage on the composition of the (Bi,Sb)
2−𝑥

Te
3+𝑥

-based materials; the deposition time was 60min. Electrolyte
formula was (a) 0.03MBi(NO3)3-5H2O and 0.04MTeCl4 (b) 0.01MBi(NO3)3-5H2O, 0.01M SbCl3, and 0.01MTeCl4, respectively.

Compositions 0.03MBi(NO3)3-5H2O and 0.04MTeCl4 0.01MBi(NO3)3-5H2O, 0.01M SbCl3, and 0.01MTeCl4
Potential (V) Te Bi Sb Te Bi
0.0V 0 94.5 5.5
−0.2 V 61.855 38.15 5.32 89.22 5.54
−0.3 V 63.48 36.52 37.35 44.05 18.61
−0.4V 56.94 43.07 36.23 44.01 19.78
−0.5 V 64.1 35.9 41.42 33.72 24.86
−0.6V 70.23 29.77 45.15 44.75 10.11

Cu
rr

en
t (
×
10

−
4

A
)

Potential (V)

6

5

4

3

2

1

0

−1

−2
0.2 0.0 −0.2 −0.4 −0.6 −0.8

Figure 3: Cyclic voltammetry curve of 0.3M KI, 0.01M Bi3+, and
0.01M Te4+ in ethylene glycol.

reduced voltages of Bi3+, Sb3+, and Te4+ ions will cause this
result.

When more than two different ions exist in the analyte
and the cyclic voltammetry process under different reduced
voltage is used, the obtained metallic compounds have
different compositions. For that, the potentiostatic deposi-
tion process was used to deposit the (Bi, Sb)

2−𝑥
Te
3+𝑥

-based
materials. FESEM observation on the surface morphology
and EDS analyses on the composition of the deposited
(Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials were used to find the rela-
tionships between the deposition voltage and the deposition
compositions. Table 1 shows the effects of different deposition
voltage and different electrolyte formula on the composition
of the deposited (Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials, and depo-
sition time is 60min.

At first, 0.03M Bi(NO
3
)
3
-5H
2
O and 0.04M TeCl

4
were

used as the electrolyte formulas to find the variation in the
composition of the deposited Bi

2−𝑥
Te
3+𝑥

-based materials.
The results in Table 1 show that, as reduced voltage was
changed from −0.2 V to −0.6V, the Bi/Te ratio first increased,
reached a maximum value at −0.4V, and then decreased with
further increasing of reduced voltage. However, as the voltage
was in the range of −0.2 V to −0.5 V, the composition of the
deposited Bi

2−𝑥
Te
3+𝑥

-basedmaterials was close to Bi/Te = 2/3
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Figure 4: Cyclic voltammetry curve of 0.3MKI, 0.01M Bi3+, 0.01M
Sb3+, and 0.01M Te4+ in ethylene glycol.

(Bi
2
Te
3
). When the electrolyte formula of 0.01M Bi(NO

3
)
3
-

5H
2
O, 0.01M SbCl

3
, and 0.01M TeCl

4
was used, as Table 1

shows, as the voltage was 0.0V to −0.2V, the main element
was Te.The (Bi, Sb)

2−𝑥
Te
3+𝑥

composition was obtained as the
voltage was in the range of −0.30V to −0.60V.

The results in Table 1 reveal that the electrolyte for-
mula and the deposition voltage are the two important
parameters to influence the composition of the deposited
(Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials. Table 1 also shows that, as
the reduced voltage is changed from 0.00V to −0.50V, the
concentrations of Bi and Sb increase; two reasons are believed
to cause this result. First, the reduced reactions of Bi3+,
Sb3+, and Te4+ start at −0.23V, −0.23V, and 0.20V. For
that, as 0.00V to −0.20V is used, the main element in the
deposited materials is Te. As the voltage is equal to and
smaller than −0.30V, the driving forces of reduction for
Bi and Sb increase and the concentrations of Bi and Sb in
the deposited materials increase. Second, the driving force
for mass transfer is typical difference in chemical potential,
though other thermodynamic gradients may couple with
the flow of mass and drive it as well. As the voltage value
is more negative (means the applied voltage is larger than
the needed reduction voltage), the mass transfer effect will
influence the composition of the deposited (Bi, Sb)

2−𝑥
Te
3+𝑥
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Figure 5: SEMmicrographs of the electrolyte formula 0.015M Bi(NO
3
)
3
-5H
2
O, 0.005M SbCl

3
, and 0.0075M TeCl

4
; pulse voltage was set at

−0.4V, 𝑇on was set at 0.2 s, and 𝑇off was changed: (a) 𝑇off = 0.1 s, (b) 𝑇off = 0.4 s, (c) 𝑇off = 1 s, (d) 𝑇off = 1.6 s, (e) 𝑇off = 2 s, and (f) 𝑇off = 4 s.

Table 2: Effects of pulse deposition parameters on the composition of the (Bi,Sb)
2−𝑥

Te
3+𝑥

materials; (a) the bias voltage was set at −0.4V, 𝑇on
was set at 0.2 s, and 𝑇off was changed from 0.1 s to 4 s. (b) 𝑇on and 𝑇off were set at 0.2 s and 1 s, and the pulse voltage was changed.

Different 𝑇off
Pulse (voltage = −0.4V, 𝑇on = 0.2 s) Different voltage (V) Pulse (𝑇on = 0.2 s, 𝑇off = 1 s)
Sb Te Bi Sb Te Bi

𝑇off = 0.1 s 7.09 31.29 61.63 0.0V — — —
𝑇off = 0.4 s 7.71 41.05 51.25 −0.2 V — — —
𝑇off = 1 s 12.02 69.43 18.54 −0.3 V 27.16 66.60 5.59
𝑇off = 1.6 s 7.22 79.62 13.16 −0.4V 32.88 56.95 10.17
𝑇off = 2 s 5.77 84.06 10.17 −0.5 V 24.38 56.13 19.49
𝑇off = 4 s 6.24 86.30 7.46 −0.6V 25.36 51.31 23.33

materials. The results in Table 1 also suggest that, as the
concentrations of Bi3+, Sb3+, and Te4+ ions are close to each
other, a Te-rich compositionwill be obtained in the deposited
(Bi, Sb)

2−𝑥
Te
3+𝑥

materials.
When larger negative voltage is used as bias in the poten-

tiostatic deposition process, the electrolyte concentrations
(or ion diffusion effect) will influence the composition of
the deposited (Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials. If we control
the diffusion rates of ions (Bi3+, Sb3+, and Te4+), we can
regulate the composition of the deposited (Bi, Sb)

2−𝑥
Te
3+𝑥

-
based materials. For that, the pulse deposition process is
used to deposit (Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials by using
the electrolyte formula of 0.015M Bi(NO

3
)
3
-5H
2
O, 0.005M

SbCl
3
, and 0.0075M TeCl

4
. The bias voltage was set at

−0.40V, the duration of off time (𝑇off ) was changed from
0.1 s to 4 s, and the bias on time (𝑇on) was set at 0.2 s. Table 2
first compares the results of the EDS analysis as a function
of duration of 𝑇off . As the duration of 𝑇off was 0.2 s, the (Bi
+ Sb)/Te atomic ratio was larger than 2/3 (2/3 means close
to (Bi,Sb)

2
Te
3
); as the duration of 𝑇off was in the range of

0.4 s∼1 s, the (Bi + Sb)/Te atomic ratio was close to 2/3; as the
duration of 𝑇off was longer than 1 s, the Te atomic ratio was
larger than 70%.

Table 2 also compares the variation in the composition of
the deposited (Bi, Sb)

2−𝑥
Te
3+𝑥

-basedmaterials as the reduced
voltage during the 𝑇on state was changed, where 𝑇on and
𝑇off were set at 0.2 s and 1 s and the pulse voltage was
changed from −0.3 V to −0.6V. Also, 0.015M Bi(NO

3
)
3
-

5H
2
O, 0.005M SbCl

3
, and 0.0075M TeCl

4
were used as

the electrolyte formula. As Table 2 shows, as the reduced
voltage was in the range of −0.3 V to −0.6V, the atomic
ratio of (Bi + Sb)/Te was close to 2/3. As the reduced
voltage was in the range of −0.4V to −0.6V, the deposited
(Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials revealed the p-typed ther-
moelectric property, because the Te atomic ratio was smaller
than 60%.Those results prove that, as the mass transfer effect
of Te4+ is controlled, the more Bi3+ and Sb3+ ions will be
reduced into Bi and Sb and the composition of the deposited
(Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials will be close to p-typed
(BiSb)

2
Te
3
. Undoubtedly, the pulse deposition process can
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Figure 6: SEM micrographs of the (Bi, Sb)
2−𝑥

Te
3+𝑥

-based nanowires; the bias voltage was set at −0.4V, 𝑇on/𝑇off was 0.2 s/0.6 s, and the
electrolyte formula was 0.015M Bi(NO

3
)
3
-5H
2
O, 0.005M SbCl

3
, and 0.0075M TeCl

4
. (a) Side view with smaller ratio and (b) side view

with larger ratio.
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Figure 7: XRD pattern of the (Bi, Sb)
2−𝑥

Te
3+𝑥

-based nanowire.

control the composition of the deposited (Bi, Sb)
2−𝑥

Te
3+𝑥

-
based materials.

Figure 5 shows the SEM micrographs of the elec-
trolyte formula 0.015M Bi(NO

3
)
3
-5H
2
O, 0.005M SbCl

3
, and

0.0075M TeCl
4
as a function of 𝑇off (0.1 s∼4 s); the reduced

voltage was set at −0.4V and 𝑇on was set at 0.2 s. As 𝑇off
was in the range of 0.1 s∼1 s, as Figures 5(a)–5(c) show, the
deposited (Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials revealed a struc-
ture of nanoscale particles, which were aggregated together;
as longer 𝑇off was used, as Figures 5(d)–5(f) show for 𝑇off in
the range of 1.6 s∼4 s, the deposited materials changed from
nanoscale-aggregated particles to disk-typed particles. From
the EDS analysis shown in Table 2, more Te in the deposited
(Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials is the reason to cause the
variation in the morphology. Compared with the results in
Table 2 and Figure 5, as 𝑇on is set at 0.2 s, 𝑇off equal to or
longer than 1 s is not suitable to deposit the (Bi, Sb)

2−𝑥
Te
3+𝑥

-
based nanowires, because themain composition is Te and the
pulse deposition process leads to large disk-typed particles.

Finally, the electrolyte formula of 0.015M Bi(NO
3
)
3
-

5H
2
O, 0.005M SbCl

3
, and 0.0075M TeCl

4
in the pulse

deposition process was used to deposit the (Bi, Sb)
2−𝑥

Te
3+𝑥

-
based nanowires. The AAO template used to deposit the
(Bi, Sb)

2−𝑥
Te
3+𝑥

-based nanowires had the diameter of 120∼
270 nm, as the deposited nanowires show in Figure 6. As the
reduced voltage was −0.4V, the 𝑇on/𝑇off was 0.2 s/0.6 s, and
the cycle time was 105; the (Bi, Sb)

2−𝑥
Te
3+𝑥

-based nanowires
were successfully grown in AAO templates. The SEM picture
for that the nanowires is shown in Figure 6(a), they had
the length of 25∼40𝜇m. The diameter of nanowires was
dependent on that of AAO template, which was in the
range of 120∼270 nm as Figure 6(b) shows, and the atomic
ratio for Bi : Sb : Te is 4.12 : 32.05 : 63.83. XRD pattern of
(Bi, Sb)

2−𝑥
Te
3+𝑥

-based nanowires is shown in Figure 7; the
amorphous phase and (016) peak were observed. This result
suggests that, as the AAO template and pulse deposition pro-
cess are used to deposit the (Bi, Sb)

2−𝑥
Te
3+𝑥

-based nanowires,
the (Bi, Sb)

2−𝑥
Te
3+𝑥

phase can be formed. Figure 8 shows the
EDS analysis of the (Bi, Sb)

2−𝑥
Te
3+𝑥

-based nanowires; the
photos show that the detective intensity of Te is higher than
those of Bi and Te, which match the results shown in Table 2.

4. Conclusions

When pulse deposition process was used, the 𝑇on/𝑇off ratio
and the reduced voltage would influence the composition of
the (Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials. As the duration of 𝑇off
was in the range of 0.4 s∼1 s, the (Bi + Sb)/Te atomic ratio
was close to 2/3; as the duration of 𝑇off was longer than 1 s,
the Te atomic ratio was larger than 70%. As 𝑇on and 𝑇off were
set at 0.2 s and 1 s, and the pulse voltage was changed from
−0.4V to −0.6V, the deposited (Bi, Sb)

2−𝑥
Te
3+𝑥

-based mate-
rials revealed the p-typed thermoelectric property, because
the Te atomic ratio was smaller than 60%. As the reduced
voltage was −0.4V and the 𝑇on/𝑇off was 0.2 s/0.6 s, the
(Bi, Sb)

2−𝑥
Te
3+𝑥

-based nanowires were successfully grown in
AAO templates. The nanowires had the length of 25∼40 𝜇m
and the diameter of 120∼270 nm, and the atomic ratio for
Bi : Sb : Te was 4.12 : 32.05 : 63.83.
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Figure 8: EDS analysis of the (Bi, Sb)
2−𝑥

Te
3+𝑥

-based nanowire.
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