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Abstract

Thermoelectric material Bip Tez nanowire arrays have been successfully
prepared by pulsed electrochemical deposition into the nanochannels of
porous anodic alumina membranes. X-ray diffraction analyses show that the
as-synthesized nanowires have a highly preferential orientation. Scanning
electron microscopy, transmission electron microscopy, and high-resolution
transmission electron microscopy observations indicate that the
high-filling-rate and uniform Bi,Tes nanowires are single crystalline. Energy
dispersive spectrometer analyses indicate that the compositions of the
nanowires can be controlled by changing the potentials and the solution
concentrations. The electrical resistance measurements indicate that the
resistances increase with decreasing temperature and show a typical
semiconductor characteristic. The growth mechanism is discussed together

with the electrochemical deposition process studies.

1. Introduction

There is a growing interest in low-dimensional thermoelectric
(TE) materials because of the theoretical prediction that
quantum confinement will increase the TE efficiencies of
materials compared with bulk [1, 2]. A single nanowire
cannot carry a high enough current for TE applications,
thus the synthetic methods that yield high-quality nanowire
arrays are of particular interest [3]. Many types of
TE material nanowire arrays, such as Bi, Sb, Bi;_,Sby,
Bi_,Sb,Tes, and Bi,Te;_,Se, [4-11], have been fabricated
by different techniques in the anodic alumina membranes
(AAMs) with uniformly sized, high-density and high-aspect-
ratio nanochannels [12-18].

Bismuth telluride (Bi,Te3) and its solid solutions are
well known good TE materials for near-room-temperature
applications. Bulk Bi;Tes has a good TE figure of merit and
has been widely used in commercial applications. Theoretical
studies suggest that one-dimensional Bi,Te; nanowires may
have a higher figure of merit than that of bulk materials, which
have stimulated study in the fabrication of Bi,Te; nanowire
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arrays [19, 20]. Recently, Bi,Te; nanowire arrays have been
fabricated by direct-current electrochemical deposition in the
AAM [21-24]. Tt is still a challenge, however, to fabricate
high-filling, high-aspect-ratio, large-area, uniform, and high-
quality single-crystalline nanowire arrays. Moreover, detailed
study on the growth process of the Bi,Te; nanowire arrays
is still scarce. The electrical resistance properties of Bi,Te;
bulk materials and thin films near room temperature have been
systematically studied, but little attention has been paid to one-
dimensional Bi,Te; nanowires, which might also be due to
the difficulty of the direct fabrication of high-quality single-
crystalline Bi, Te; nanowire arrays.

In this paper, we report the fabrication and electrical
transport property of high-filling-rate, highly oriented, and
single-crystalline Bi,Te; nanowire arrays in the nanochannels
of AAM by the pulsed electrochemical deposition for the
first time. The growth mechanism and the electrochemical
deposition process of the nanowires are discussed in detail.

2. Experimental procedures

The AAM was prepared using a two-step anodic anodization
process as described previously [25-29]. The AAMs with
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the pore sizes of about 40 and 60 nm were used. A layer
of Au film (thickness 200 nm) was sputtered onto one side
of the AAM to serve as the working electrode in a common
two-electrode plating cell, and a graphite plate was used as
the counter-electrode. Bi,Tes; nanowire arrays were deposited
under modulated voltage control and a potential of —1.3 V was
applied between the two electrodes. During the pulse time,
3 ms, metal species were electrochemically reduced on the
pore ground of the AAM. The delayed time, 10 ms, provided
time for the recovery of the ion concentration [7, 30]. The
electrolyte was prepared by dissolving 0.01 M Bi(NO3)3-5H,0
and 0.015 M TeO, in HNO; solution. The pH of the final
electrolyte was adjusted to about 1 with HNOs.

X-ray diffractometry (XRD, Philips PW 1700x with
Cu Ko radiation), field-emission scanning electron microscopy
(FE-SEM, FEI Sirion-200), transmission electron microscopy
(TEM, H-800), selected area electron diffraction (SAED), and
high-resolution transmission electron microscopy (HRTEM,
JEOL-2010) were used to study the crystalline structure and
morphology of nanowire arrays. The chemical compositions
of the nanowires were determined by an energy dispersive
spectrometer (EDS) attached to the SEM. The electrical
resistance was measured on a physical property measurement
system (PPMS) designed by American Quantum Design
Company. The overfilled particles on the surface of the AAM
were mechanically polished away with Al,O3; nanopowders
for XRD measurements. For SEM observations, the AAM
was partly dissolved with 0.5 M NaOH solution, and then
carefully rinsed with deionized water several times. For TEM
and HRTEM observations, the AAM was completely dissolved
with 1 M NaOH solution and then rinsed with absolute ethanol.
A drop of solution was placed on a carbon grid and allowed to
dry prior to electron microscopy analysis.

3. Results and discussion

Figure 1(a) shows the XRD pattern of the Bi,Tes; nanowire
array fabricated by pulsed electrodeposition (sample I). Only
(015) and (0210) peaks of the hexagonal Bi,Te; (JCPDS No
72-2036) can be seen, and the ratio of these two indices
is an integer, indicating that the Bi,Te; nanowires have a
highly preferential orientation along the [015] direction, which
will be further confirmed by HRTEM observation. No other
diffraction peaks, such as the elemental Bi and Te, can be
detected, indicating the nanowires are a pure Bi,Te; phase. As
comparison, figure 1(b) shows the XRD pattern of the Bi, Te;
nanowire array fabricated by direct-current electrodeposition
(sample II). There are predominant (015) and (0210) peaks
together with a small peak corresponding to the (110) plane,
which indicates that this sample has no complete preferred
orientation.

Harris texture analysis was used to quantify the orientation
in the nanowires [31, 32]. The texture coefficient, which gives
the measurement of the orientation of each reflection compared
to a completely randomly oriented sample, is expressed as
follows:
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Figure 1. X-ray diffraction pattern of the Bi, Te; nanowire array with
the diameter of 40 nm fabricated by (a) pulsed electrodeposition and
(b) direct-current deposition. (c) Bi, Te;—JCPDS pattern.

the relative intensity of the corresponding plane given in the
JCPDS data file and N is the number of reflections considered
in the analysis. It is clear from the definitions that the value of
Cniiy for the peak under investigation ranges from unity for a
randomly oriented sample to N for a sample having a complete
preferential orientation. The value of Cy) indicates the
maximum preferred orientation of the nanowire arrays along
the corresponding plane. The preferred orientation of each
sample as a whole was analysed from the standard deviation
(o) of the texture coefficient (Ciyy ),

5 = 2o Z 1 @

and an increase in the standard deviation is an indication of
the orientation towards a particular plane for which the texture
coefficient has a higher value.
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Figure 2. Relative intensity of (015) peak of Bi, Te; nanowires as a
function of (a) pulse time and (b) potential.

The values of Cyuy and o obtained for the Bi,Tes
nanowire arrays fabricated respectively by the direct-current
and the pulsed electrodeposition are given in table 1. From
this table one can see that (i) for (015) and (0210) planes the
values of Cyyiyy for sample I are much larger than unity and
close to two (NN), and those for sample II are much smaller than
three (V) although larger than unity, and (ii) the value of o for
sample I is larger than that for sample II. From this analysis
we can thus conclude that sample I has a highly preferential
orientation along the [015] direction compared with sample
I, and the pulsed electrodeposition technique provides a more
effective method to fabricate highly oriented Bi, Te; nanowire
arrays.

To determine the optimal parameters for fabricating highly
oriented and single-crystalline Bi,Te; nanowire arrays, two
series of experiments were respectively conducted under the
conditions of the different potentials at a fixed pulse time and
different pulse times at a fixed potential. Figure 2 shows the
dependence of the (015) peak intensity of XRD patterns of the
Bi,Te; nanowires on the potential and pulse time. One can
see that the peak intensity firstly increases, after reaching a
maximum value at the potential of —1.3 V, and then decreases
with further increasing the potential. The reduction in the
peak intensity might be due to the hydrogen evolution at high
potentials, which suppresses the growth of the nanowires along
the (015) orientation. Therefore, the highly oriented Bi,Te;
nanowire arrays could be fabricated at the potential of about
—1.3 V. Keeping the delayed time at a constant 10 ms, the
(015) peak intensity always decreases with increasing pulse
time. From this result we appear to conclude that the most
appropriate pulse time is about 1 ms, but the corresponding
potential is high (about —1.5 V), which leads to hydrogen
evolution and an increase in the deposition rate, and thus the
formed nanowires have a poor crystallinity. From the above
analyses, we therefore select the potential of about —1.3 V
and the pulse time of about 3 ms to fabricate highly oriented
nanowire arrays.

The SEM images of the Bi,Te; nanowire array after
etching in 0.5 M NaOH solution for different times are shown
in figure 3. Figure 3(a) is the bottom surface image of
the nanowire array after mechanically polishing with Al,O3
nanopowders and then etching for 2 min. The result shown
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Figure 3. SEM images of the Bi,Te; nanowire array with the
diameter of 40 nm: (a) bottom view, (b) surface view and

(c) cross-sectional view after etching for 2, 8 and 15 min,
respectively.

in figure 3(a) is ubiquitous, and when the SEM probe moved to
the different areas on the sample surface, the same image was
always observed. This result clearly indicates that the nanowire
array has a high filling rate. Figure 3(b) shows the surface
image of the nanowire arrays after etching for 8 min; it shows
that all the nanowires have the same height, implying that the
pulsed electrodeposition is a well controlled process and all
the nanowires are deposited along the pores at the same rate.
Figure 3(c) shows the cross-sectional image of the nanowire
array after etching 15 min. The length of the nanowires is about
50 pm, corresponding to the thickness of the AAM used.
Figure 4(a) shows a typical TEM image of the Bi,Tes
nanowire completely removed from the AAM. It is obvious
that the Bi,Te; nanowires have a smooth surface and a high
aspect ratio. The diameter of the nanowire is uniform and
equal to the pore size (40 nm) of the AAM used. In
order to convincingly demonstrate the crystalline status of the
nanowire, the SAED patterns were taken along the nanowire,
and the results show that the diffraction patterns do not
change along the nanowire except for a slight variation in
the intensity of the individual spots, indicating that there is
a slight structural deformation, which might result from the
mechanical force during the ultrasonication treatment of the
TEM samples. The same phenomenon was also commonly
observed in other nanosystems [33, 34]. To investigate the
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Table 1. Harris texture analysis of Bi,Te; nanowire arrays.

Peak  Intensity, )  Intensity, I,guy — Texture Standard
Sample (hkl) (experiment) (JCPDS) coefficient, Cpy  deviation, o
1 015 100 100 1.7045 0.5450
0210 13.66 18 1.2955
11 015 100 100 1.2658 0.5372
110 9.23 47 0.2532
0210 21.13 18 1.4810
Te
Bi
)
% Te

Figure 4. (a) TEM image and SAED patterns of a randomly selected
single Bi,Te; nanowire with the diameter of 40 nm.

(b) Corresponding HRTEM images: (1), (2) and (3) are the
magnified HRTEM images in the areas marked by three squares.

microstructure of nanowires we randomly selected a nanowire,
and the corresponding HRTEM image is shown in figure 4(b).
The clear lattice fringes with an identical orientation in three
different regions marked by the white squares demonstrated
that the nanowire has a uniform structure and is a single
crystal with a preferential growth along the [015] direction. To
estimate the crystalline status of all the nanowires in a textured
sample, as commonly done in references [35, 36], we randomly
selected some nanowires under HRTEM and statistical results
indicated that about 90% of the nanowires had the preferred
[015] direction, in agreement with the XRD results.

The composition of Bi, Tes; nanowires is shown in figure 5,
which verifies that the nanowires consist of only Bi and Te.
The quantitative analysis indicates that the atomic ratio of Bi
to Te is close to 2:3. The stoichiometric (2:3) Bi—-Te nanowires
can be obtained by choosing the suitable potentials and the
relative concentrations of Bi and Te in the electrolytes. Figure 6

1 2 3 4 5 6 7 8
Energy (KeV)

Figure 5. EDS pattern of the Bi,Te; nanowires.
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Figure 6. Dependence of the atomic ratio of Te to Bi in the Bi-Te
nanowires on the potential from solutions containing 0.015 M TeO,
and different Bi concentrations.

shows the potential dependence of the compositions of the Bi—
Te nanowires fabricated from the electrolytes with different Bi
concentrations. It is noticed that (i) the atomic ratio of Te/Bi
in the nanowires has the same changing trend with potential
for various Bi concentrations, which decreases up to a certain
potential and then reaches a constant value as the potential
becomes more negative, and (ii) the nanowires deposited
from the solution containing 0.01 M Bi have stoichiometric
compositions at more negative potentials (<—1.3 V). High
potentials may cause hydrogen evolution and greatly increase
the deposition rate, and therefore the lower potential of —1.3 V
is chosen in our experiment.

The electrochemical deposition process of the Bi,Tes
nanowires basically involves three steps [37, 38]:

(i) The diffusion and the absorption of Bi*" and HTeOJ ions
to the Au electrode surface by the electric field force
applied between two electrodes.
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(ii) The reduction of the absorbed Bi3* and HTeO; ions at the
cathode by the chemical reactions

Bi*t 4 3e” = Bi(s) 3)

HTeOF + 3H' + 4e™ = Te(s) + 2H,0. “)
(iii) The reduced Bi and Te react to form Bi,Tes.

Therefore, the overall chemical reaction can be expressed
as

3HTeOf +9H" + 18e™ + 2Bi’" = BiyTes(s) + 6H,0. (5)

Step (i) is a rate-controlled process, which is determined
by the current density or potential. Step (ii) occurs at a faster
rate than step (i). These two steps determine the composition
of the nanowires. Step (iii) mainly affects the crystalline nature
of the nanowire.

To synthesize high-filling-rate, highly oriented and single-
crystalline Bi,Te; nanowire arrays by the electrochemical
deposition in the AAM, several factors should be considered.
Firstly, to avoid excessive cracking in the AAM while
maintaining structural integrity, the AAM should have a large
thickness, because the deposition will occur predominantly in
the cracks due to greater accessibility of cations. Secondly,
the AAM should be sonicated in water for a few minutes
to remove the impurities and air bubbles in the nanopores
of the AAM before electrodeposition, because the ions will
preferentially nucleate and grow at the impurities, causing
the inhomogeneous growth of nanowires, and the air bubbles
will hinder the ion diffusion into the nanopores of the AAM,
causing the electrodeposition on the surface of the AAM.
Thirdly, to obtain dense, highly oriented and single-crystalline
Bi,Te; nanowires, the control of the growth rate is critical.
Three measures can be used: (i) reducing the concentrations
of Bi and Te to about 1 x 107> M (until the limit where H,
begins to be produced); (ii) lowering the temperature to about
1°C; (iii) employing the pulsed electrodeposition technique,
which allows a better control over the deposition rate and ion
concentration at the deposition interface, as compared with the
direct and alternating current deposition [39, 40]. In the present
study, the pulse time (3 ms) was so short that only a small
number of metal ions at the interfaces are consumed. The delay
time (10 ms) provided enough time for the concentration of the
metal ions at the pore tips to achieve a steady state through
diffusion. No evident concentration gradient near the reaction
interface exists during the deposition, and the pulse time
controls the atom-by-atom deposition of nanowires, which
increases the crystallinity and compositional homogeneity of
the nanowires [11].

Figure 7 shows the variation of electrical resistance as
a function of temperature for the Bi,Te; nanowires with the
diameter of 40 nm (figure 7(a)) and 60 nm (figure 7(b)).
Because BiyTe; and its solid solutions are currently the
leading thermoelectric materials for near-room-temperature
cooling applications, only the electrical resistances near room
temperature are given here. One can see that the electrical
resistances decrease with temperature, and exhibit a negative
temperature coefficient of resistance (TCR), i.e. a typical
semiconductor-like character. From figure 7 one can obtain
the TCRs of the Bi,Te; nanowires, which are about —1.25 x
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Figure 7. Temperature dependence of the electrical resistance for the
Bi, Te; nanowires with different diameters: (a) 40 nm and (b) 60 nm.
The insets are the plots of In R versus 1/7.

107% and —2.16 x 1073 K~! for 40 and 60 nm nanowires
respectively. The TCR of the 40 nm nanowires is much smaller
than that of 60 nm nanowires, indicating that the nanowires
with smaller diameter have lower resistance sensitivity to
temperature. The near linearity of the dependence of InR on
1/T shown in the insets in figure 7 further proves that the
Bi,Te; nanowires with the diameters of 40 and 60 nm all
exhibit the normal semiconducting behaviour.

Due to the limitations imposed by the sample geometry,
a two-probe measurement was conducted by bringing two
copper wires with silver epoxy to a small area (typically
1-2 mm?) on both sides of the AAM. Since the silver particle
size in the silver paint is of the order of 1 um, the silver
paint may only make good contact to a small fraction of
the total number of wires of the sample. Therefore, we
could not estimate the total number of wires connected to
the two electrical contacts, and the actual resistivity value
of the nanowires is unknown, as generally shown in the
literature [5, 41].

Bismuth telluride belongs to the crystal class of R3m
and therefore possesses the associated anisotropy of transport
properties, such as the electrical resistance, thermoelectricity,
etc. For Bi,Te; bulk material and thin film, three
discrepant temperature dependences of the electrical resistance
have been obtained: (i) a gradual increase with rising
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temperature; (ii) an initial increase and then decrease
with temperature; (iii) a gradual decrease with increasing
temperature. The observed discrepancy of the temperature
dependence of the electrical resistance might be attributed
to the different preparation conditions, which leads to the
different compositions and defects, and poly- or single-
crystalline structure [42-45]. For polycrystalline Bi,Te;
nanowires, theoretical calculation indicated that the resistance
increases with increasing temperature in the framework
of the relaxation time approximation, i.e., a metal-like
character [46]. For Bi,Tes single-crystalline nanowires, the
scattering processes of the carriers are expected to be different
from those in the polycrystalline state, and both the carrier
mobility and the carrier density affect the character of the
temperature-dependent electrical resistance. The increased
carrier concentrations and decreased carrier mobility with
increasing temperature play a dominant role in determining
the temperature behaviour of the electrical resistance. The
surface and wire boundary scatterings should also be taken
into account along with the defect scattering and electron—
phonon scattering [47]. The lower resistance sensitivity to
temperature of the Bi,Te; nanowires with smaller diameter
could make them better candidates for TE application near
room temperature [48], and further study is underway.

4. Conclusions

In summary, high-filling-rate, highly oriented, and ordered
Bi,Te; nanowire arrays have been fabricated from aqueous
solution by pulsed electrochemical deposition into the pores
of AAM. The Bi,Te; nanowires are single crystalline and
have a preferential orientation along the [015] direction.
It was found that the optimum growth condition could be
achieved by the proper choice of the pulsed parameters and the
deposition potentials and ion concentrations in the electrolyte.
The electrical transport measurements show that the Bi,Te;
nanowires with the diameters of 40 and 60 nm all exhibit
a typical semiconductor behaviour, and the 40 nm nanowire
has lower resistance sensitivity to temperature than the 60 nm
We believe that the detailed study will help in
fabricating other single-crystalline nanowire arrays, and the
Bi,Tes single-crystalline nanowire arrays will find potential
applications in thermoelectric nanodevices in the future.

nanowire.
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