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Ag/Bi2Te3 superlattice nanowire arrays have been fabricated by pulse electrodeposition using porous anodic aluminium oxide as the template at
large-scale quantity. The nanowire arrays were characterised by X-ray diffraction, a scanning electron microscope, a transmission electron
microscope and high-resolution transmission electron microscopy (HRTEM). The results indicate that the nanowires are composed of the
Bi2Te3 rhombohedral lattice phase and the Ag cubic lattice phase with alternately ordered multi-segment characters. The feature of dark
segments alternated with bright segments can be easily distinguished because of the obvious heterogeneous contrast. The length of each
segment varies from 25 to 45 nm. The HRTEM result shows that the composition of one segment is Ag and the neighbouring segment is Bi2Te3.
1. Introduction: Thermoelectric materials are attracting renewed
interest because of increasing demands in energy and decreasing
fuel supplies [1]. Good targets for thermoelectric materials are
Bi2Te3 and its derived alloys at room temperature. A figure of
merit of ∼3 for these materials is necessary to compete with
conventional compressor-based refrigerators and power sources [2].

It is found that low-dimensional, or quantum-confined, systems
will have greater efficiencies compared with bulk materials [3]. In
recent years, many one-dimensional (1D) thermoelectric materials,
such as Bi2–xSbxTe3, Bi2Te3–ySey and Bi2Te3 nanowires and nano-
tubes, have been synthesised by various methods [4–6]. Until now,
the highest figure of merit, ZT of ∼2.4 in the Bi2Te3/Sb2Te3 super-
lattice film was reported by Venkatasubramanian et al. [7].
Moreover, theoretical calculations predict that further enhancement
of the thermoelectric figure of merit can be achieved in superlattice
nanowires (SLNWs). In addition, it has been reported that the
thermoelectric materials doped with metal particles can enhance
their figure of merit. For instance, recent work showed that different
Ag concentrations doped in Bi–Sb–Te alloys reveal a reduction of
thermal conductivities and significant enhancement of electrical
conductivities, leading to the improvement of figure of merit ZT
[8, 9]. Considering the novel thermoelectric property and important
applications, preparation of Bi2Te3/Ag SLNWs is valuable.

To fabricate the SLNWs, several kinds of strategies have been
successfully developed in recent years. For example, Wang and
co-workers [10] synthesised InGaO3/ZnO SLNWs via a catalyst
assisted vapour–liquid–solid growth mechanism. Yang and
co-workers [11] developed a hybrid pulsed laser ablation/chem-
ical vapour deposition method for synthesising the high-quality
Si/SiGe SLNWs. Wang et al. [12] fabricated the Bi2Te3/Te
SLNWs using the precipitation reaction of the supersaturated
Bi0.26Te0.74 alloy under a nanoconfined system. Among these
various fabricating methods, the template-based electrochemical
deposition method is widely used to prepare SLNWs. The advant-
age of this method is that it is able to tailor the composition and
length of individual segments of nanowires by alternating the de-
position potential and deposition time [13]. A variety of thermo-
electric SLNWs, such as Bi/Sb [14], Bi2Te3/Sb [15], Bi/BiSb [16]
and BiTe/BiSbTe [17], have been fabricated using a template-
based electrochemical method. In this study, we electrodeposited
Ag/Bi2Te3 SLNWs by porous anodic alumina oxide (AAO)
template-assisted pulsed electrodeposition technology, and
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studied the morphology and phase structure of the as-prepared
Ag/Bi2Te3 SLNWs.

2. Experiment section: The AAO templates used in our
experiment were fabricated in 0.3 M oxalic acid solution at 40
VDC by a two-step anodising process. Electrodeposition of
Ag/Bi2Te3 SLNWs was performed in a three-electrode
electrochemical cell on a CHI 760C electrochemical workstation.
In the cell, a platinum plate, saturated calomel electrode (SCE),
and the AAO template were used as counter, reference and
working electrodes, respectively. The electrolyte solution
consisted of AgNO3 (0.01 M), Bi(NO3)3·5H2O (0.075 M), HTeO2
+ (0.1 M) in 1 M HNO3. The deposition potential was alternately
pulsed between a constant potential of −0.3 V (against SCE) to
deposit a majority of Ag segment and a potential of −1.3 V
(against SCE) to obtain the Bi2Te3 segment.

The morphology, size and microstructures of the nanowire arrays
were obtained by a transmission electron microscope (TEM, JEM
2010) and a scanning electron microscope (SEM, HitachiS-4800).
The phase structure of the as-prepared products was investigated
by means of X-ray diffraction (XRD), using a general XD-3 dif-
fractometer, with Cu Kα radiation (λ = 1.54056 Å).

3. Results and discussion: The cyclic voltammograms of Ag–Bi–Te
electrolyte solution as well as the separated Bi–Te solution and
Ag solution are shown in Fig. 1a. The cyclic voltammogram
result of Ag–Bi–Te electrolyte solution clearly shows that the
reduction range of Bi–Te and Ag extends from −0.2 V in the
cathodic scanning process with a scanning rate of 100 mV/s.
From the cyclic voltammogram results of separated Bi–Te
solution and Ag solution, it can be seen that the reduction of Bi3+

and HTeO2+ to BiTe begins at − 0.4 V, whereas the reduction
potential range of Ag+ to Ag is from −0.1 V. From the above
studies, two deposition potentials (i.e. −0.3 and −1.3 V) were
selected to deposit Ag/Bi2Te3 SLNWs with pulse
electrodeposition. An average potential VAg of −0.3 V was
applied for tAg of 50 s to prepare the Ag segment, followed with
an average potential VBi2Te3 of −1.3 V for tBi2Te3 of 150 s to
prepare the majority of Bi2Te3 segments. The majority of Bi2Te3
segments can be deposited because the concentration of Bi3+ and
HTeO2

+ was higher than that of Ag+. Typical applied-potential
waveforms and their corresponding currents are shown in Fig. 1b.
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The chemical composition and phase structure of the as-grown
SLNWs with AAO templates were studied by XRD as shown in
Fig. 2. The nine peaks marked with red colour in Fig. 2 can be
easily indexed to (0 1 5), (1 0 10), (0 1 11), (0 0 15), (2 0 5),
(0 0 18), (0 2 10), (1 1 15) and (2 1 10) planes of the Bi2Te3
rhombohedral lattice phase according to JCPDS Card Number
15-0863. At the same time, there are three main peaks marked
with blue colour in Fig. 2, which indexed to (1 1 1), (2 2 0)
and (3 1 1) planes of the Ag cubic lattice phase (JCPDS Card

Figure 2 XRD pattern of as-prepared SLNW arrays with AAO templates

Figure 1 Cyclic voltammograms of Ag–Bi–Te solution, Ag solution and
Bi–Te solution (Fig. 1a), and Applied pulsed potential waveform and
corresponding current response for deposition of Ag/Bi2Te3 SLNWs
(Fig. 1b)
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Number 04-0783). A careful examination indicates that there
are some weak peaks in the XRD pattern at about 30° and 49°,
which can be indexed to (110) and (13-1) planes of Te as
marked with black colour. Thus, the XRD data indicates that
the as-prepared SLNWs are mostly composed of the Bi2Te3
rhombohedral lattice phase and the Ag cubic lattice phase.

Fig. 3a shows the top view SEM image of the SLNW after the
template was partially removed. The result indicates that the
filling ratio is very high. Fig. 3b shows the oblique view SEM
image of SLNW arrays after removing the templates, showing
that large-scale nanowire arrays with a high-aspect ratio are
obtained. The average diameter of the nanowires is about 70 nm.
The segments alternately ordered can be easily distinguished in
Fig. 3b.

To investigate the microstructure of the as-prepared SLNW
clearly, the TEM image of the as-prepared SLNW arrays after
removal of the AAO template is shown in Fig. 4a. The feature of
dark segments alternated with bright segments can be easily distin-
guished because of the obvious heterogeneous contrast. The length
of each segment is different, varying from 25 to 45 nm. A couple of
neighbouring segments marked A and B were randomly selected.
The length of segment A is about 35 nm, and segment B is about
27 nm. Fig. 4b gives the high-resolution transmission electron
microscopy (HRTEM) image of two segments. The selected areas
marked A and B by a square are corresponding to the lattice struc-
ture of A and B segments, respectively. The lattice spacing and
growth direction in two selected areas are different, which indicates
that the nanowire arrays of two segments were formed by two dif-
ferent compositions. For studying the compositions of two seg-
ments exactly, Figs. 4c and d are the enlarged images of selected
areas marked A and B in Fig. 4b, respectively. The lattice

Figure 3 SEM images of nanowire arrays
a Top view
b Oblique view
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spacing of 0.229 nm in Fig. 4c corresponds to the lattice of (111)
crystal plane of the Ag cubic lattice phase within the error. The
lattice spacing in Fig. 4d is about 0.314 nm, which is consistent
with the lattice space of (015) plane of the Bi2Te3 rhombohedral
lattice phase in the error. These results show that the composition
of segment A is Ag and segment B is Bi2Te3. Thus, the thermoelec-
tric Ag/Bi2Te3 SLNW arrays were successfully prepared by pulse
electrochemical deposition in this study. The above HRTEM
investigations indicated that the as-prepared Ag/Bi2Te3 SLNWs
were not crystallised, this can be further confirmed by the selected
area electron diffraction pattern (taken from Fig. 4e), in which the
ring pattern was observed as shown in Fig. 4f.

4. Conclusions: We have successfully fabricated Ag/Bi2Te3
SLNWs by a simple pulse electrodeposition technology at large
quantity. The XRD result shows that the SLNWs are composed
of the Bi2Te3 rhombohedral lattice phase and the Ag cubic
lattice phase. Large-scale nanowire arrays with a high-aspect
ratio can be observed in the SEM image, and two kinds of

Figure 4 TEM and HRTEM images, and selected area electron diffraction
pattern of corresponding nanowire
a TEM images of the as-prepared SLNW arrays
b HRTEM image of A and B segments
c Enlarged images of selected area marked A in Fig. 4b
d Enlarged images of selected area marked B in Fig. 4b
e Enlarged TEM image of Ag/Bi2Te3 SLNW
f Selected area electron diffraction pattern of corresponding nanowire
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segments alternately ordered can be easily distinguished in the
TEM image because of the obvious heterogeneous contrast. The
composition of one segment is Ag, and the neighbouring
segment is Bi2Te3.
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