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Abstract

Single crystalline bismuth nanowire arrays in anodic alumina membrane have been fabricated by pulsed electro-

deposition. The nanowires of different diameters were obtained by changing the electrical parameter of the pulsed

electrodeposition using anodic alumina membrane as template with the same pore size. X-ray diffraction and TEM

analysis show that the bismuth nanowires are single crystalline with highly preferential orientation, and the diameter of

nanowires increases with increasing the relaxation time of pulse. The growth mechanism of nanowires was discussed.

� 2003 Elsevier B.V. All rights reserved.
1. Introduction

Bismuth, with a rhombohedral crystal lattice

structure, is a semimetal with a small effective

electron mass, long carrier mean free path, highly

anisotropy Fermi surface and small energy overlap

(about 38 meV at 77 K) between the L-point
conduction band and the T-point valence band,

which can lead to semimetal–semiconductor tran-

sition in bismuth nanowires with decreasing the

diameter to a certain value (about 60 nm at 77 K)

[1,2]. Theoretical and experimental results showed

that one-dimensional bismuth nanowires could

have an even larger enhancement in thermoelectric

efficiency relative to the bulk and two-dimensional
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systems [3–8]. Because of potential application as

thermoelectric devices the fabrication of bismuth

nanowire array has attracted much attention in

recent years.

The template-assisted synthesis of nanowires is

a conceptually simple and intuitive way to fabri-

cate nanostructures. These templates contain very
small cylindrical pores or voids within the host

material, and the empty spaces are filled with the

chosen material, which adopts the pore morphol-

ogy, to form nanowires. Anodic alumina mem-

brane (AAM) is frequently used for nanowire

synthesis. Different filling methods have been re-

ported for preparing nanowire array using tem-

plate synthesis, including vacuum melting and
pressure injection process [9], vapor-phase depo-

sition technique [10,11] and direct current (DC)

electrodeposition [12]. Recently, pulsed electrode-

position technique has become a most efficient
ed.
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Fig. 1. Schematic of the pulse cycle for the pulsed electrode-

position. Ton and Toff represent the deposition time and relax-

ation time of each pulse cycle, respectively.
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method for the growth of uniform and continuous

nanowires [13–18]. Sauer et al. [13] studied the

fabrication of monocrystalline Ag in AAM and

found that a highly conductive metal containing

electrolyte, a homogeneous aluminium oxide bar-

rier layer and pulsed electrodeposition are a per-
quisite in obtaining homogeneously filled pore

membranes. Guo et al. [14] have successfully fab-

ricated highly ordered composite Ni–Cu nano-

wires in AAM by pulsed electrodeposition. Of

which the pore size distribution, pore orientation,

and surface toughness of AAM have an important

effect on the properties of nanowires. The filling

efficiency of material generally decreases with de-
creasing the diameter of nanowires, and AAM

with different pore sizes is needed in order to

prepare nanowires array with different diameters.

In this Letter, we report the fabrication of single

crystalline bismuth nanowire arrays with different

diameters by pulsed electrodeposition in AAM

with single pore size.
2. Experimental

The anodic alumina membrane was formed by

a two-step anodization process as described pre-

viously [19–21]. First, high purity aluminum sheet

(99.999%) was anodized at 40 V in 0.3 M oxalic

acid electrolyte at 12 �C for 4 h. The alumina layer
produced was removed by immersing it in a mix-

ture of phosphoric acid (6 wt%) and chromic acid

(1.8 wt%) at 60 �C for 6 h. The second anodization

process was performed under the same conditions

as the first one for 12 h. After the anodization, the

bottom central aluminum substrate was removed

in a saturated SnCl4 solution, then the alumina

barrier layer was dissolved in 6 wt% phosphoric
acid solution at 30 �C for 1.5 h to get the final

AAM with the pore size of about 80 nm. A layer of

Au with about 60 nm in thickness was sputtered

onto the bottom side of the AAM to serve as

conduction contact.

Bismuth nanowires array was deposited from a

plating solution consisted of BiCl3 40 g/l, tartaric

acid 50 g/l, glycerol 100 g/l, NaCl 70 g/l and HCl
1 mol/l. The pH value of the electrolyte was ad-

justed to about 0.9 by adding appropriate amounts
of aqueous ammonia 5 mol/l in order to avoid
corrosive attack of the AAM.

The pulsed electrodeposition was carried out at

)0.35 V applied between graphite anode and

AAM cathode in a common two-electrode glass

plating cell at 10 �C with different pulse cycles, as

shown schematically in Fig. 1. The relaxing time

(Toff ) between two successive pulsed cycles was

varied to study the influence of the pulsed time on
the structure of bismuth nanowires. The duty cycle

(pulsed deposition time Ton) was kept as constant,

10 ms.

Dissolving AAM in an aqueous solution of

5 wt% NaOH, and immersing them in an ultra-

sonic bath for 10 min obtained the nanowires for

TEM observation. A drop of solution was placed

on a carbon grid and allowed to dry prior to
electron microscopy analysis. TEM analysis was

performed using a JEOL JEM-200CX transmis-

sion electronic microscope and a JEOL 2010 high

resolution transmission electron microscope. X-

ray diffraction spectra were obtained on a rotating

anode X-ray diffractometer (D/MAX-rA) with Cu

Ka radiation (k ¼ 1:542 �AA).
3. Results and discussion

Fig. 2 shows XRD patterns of bismuth nanowire

arrays fabricated with different relaxation time to-

gether with the standard diffraction peaks of bis-

muth (JCPDS No.5-0519). From the patterns, we

can see that there is a very strong diffraction peak at
2h ¼ 48:90� corresponding to (0 2 2) plane of bis-

muth for samples fabricated with the relaxation



Fig. 2. XRD patterns of bismuth nanowire arrays with different

relaxation time.

Fig. 3. TEM images of bismuth nanowires fabricated using the

relaxation time 10 ms with the diameter of 20 nm, (a) free

standing, (b) inside the template and (c) a single.
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time 30 and 50 ms. In addition, two peaks (0 1 1)

and (0 2 2), the ratio of which is integral, are found
for nanowire arrays fabricated with the relaxa-

tion time 10 ms. At the same time, all other peaks

are very weak. The nanowires are a rhombohe-

dral lattice structure as comparing with the stan-

dard diffraction of bulk bismuth. It is worthy to

note that the orientation of all the samples are

the same in spite of the different relaxation time.

This result indicates that bismuth nanowires grow
preferentially along [0 2 2] direction.

Fig. 3 shows TEM images of Bi nanowires

fabricated with the relaxation time of 10 ms. A

bundle of nanowires removed from the AAM can

be clearly seen in Fig. 3a, and the average diameter

of the nanowires is about 20 nm, which is much

smaller than the pore size of the template with the

diameter of 80 nm, as clearly shown in Fig. 3b, in
which the nanowires are still within the pores of

the AAM. A single nanowire and the corre-

sponding SAED are shown in Fig. 3c. One can see

that the nanowire is relative uniform. The SAED

shows that the nanowires are single crystals with a

rhombohedral lattice structure, which further

confirms the XRD results. Figs. 4 and 5 show

TEM images of Bi nanowires fabricated with the
relaxation time of 30 and 50 ms, respectively. The

average diameter of Bi nanowires fabricated with

the relaxation time of 30 ms is about 33 nm, and
that of 50 ms is about 80 nm. The corresponding

SAED patterns of a single nanowire also indicate

the nanowire is a single crystal. These results in-

dicate that the diameters of Bi nanowires can be
modulated by changing the relaxation time of



Fig. 4. TEM images of bismuth nanowires fabricated using the relaxation time 30 ms with the diameter of 33 nm, (a) free standing and

(b) a single.

Fig. 5. TEM images of bismuth nanowires fabricated using the relaxation time 50 ms with the diameter of 80 nm, (a) free standing and

(b) a single.
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pulsed electrodeposition. The length of the nano-

wires depends only on the thickness of AAM.

From TEM images, one also can see that most

nanowires are cylindrical in shape and identical in

diameter, but there are some twist or rupture in the

nanowires, which might result from the mechani-

cal force during the ultrasonication treatment of
the TEM samples.

Above results indicate that the diameters of Bi

nanowires can be controlled from 20 to 80 nm (the

pore size of the empty AAM) through modulating
the relaxation time of pulse from 10 to 50 ms with

the constant pulsed deposition time of 10 ms. It

was also found that when the relaxation time was

shorter than 10 ms, the crystallinity of nanowires

gradually decreases, and in some cases even no

nanowires can be fabricated. The selection of the

optimal relaxation time is very important in the
growth of single crystalline Bi nanowires.

Previous studies have shown that the degree of

preferred orientation of Bi nanowire is imperfect

and the peak positions changed randomly when



248 L. Li et al. / Chemical Physics Letters 378 (2003) 244–249
the diameters of nanowires changed from 23 to 95

nm [22,23]. Comparatively, the XRD analysis in

the present study reveals that the preferential ori-

entation of Bi nanowires with different diameters is

the same and along [0 2 2] direction.

Zhang et al. [24] have discussed the mechanism
of pulsed electrodeposition and pointed out that

the pulsed time in each pulse cycle was so short,

compared to the relaxation time, that only a small

number of metal ions were reduced during one

pulse, and the metal ion concentration gradient at

the reaction interface produced can be recovered

during the relaxation time. Thus the pulsed time

controls the atom-by-atom growth of Bi nano-
wires, which favored the preferentially oriented

growth of the nanowires. During the pulsed de-

position time, the metal ions at the reaction in-

terface are consumed, but can be recovered during

the relaxation time, and the recover degree be-

comes better and better gradually with increasing

relaxation time. When the relaxation time is much

long, enough metal Bi ions can be provided for
electrodeposition, and Bi ions have adequate time

to diffuse along the direction vertical to axes of the

pores of template, which provide initial atom by

atom growth on all area of the bottom of pores, in

which a continuous growth along the direction of

pores takes place. But under a relative short re-

laxation time the number of metal Bi ions pro-

vided and recovered is not enough, resulting in an
initial growth only on part area of the bottom of

the pores, which leads to a thin nanowires.

With this technique it is possible to fabricate

nanowire heterostructure since we can grow bis-

muth nanowire in a template with different diam-

eters (and different characters), i.e., nanowires with

either semiconductor and/or semiconductor/semi-

metal. The transport and thermoelectric properties
of nanowire array depend on the orientation of

nanowires, and thus the fabrication of nanowires

array with different preferential orientation is very

important, further work is under way.
4. Conclusion

We have successfully fabricated single crystalline

Bi nanowire arrays by pulsed electrodeposition. A
very easy route to prepare Bi nanowire arrays with

different diameters using AAM with a single pore

size was proposed. The Bi nanowires are highly

oriented along [0 2 2] direction. It was found that

the diameter of Bi nanowires can be modulated by

changing the relaxation time of pulsed electrode-
position, and when the relaxation time changed

from 10 to 50 ms and keep constant pulse deposi-

tion time at 10 ms, the average diameter of Bi

nanowires increases from 20 to 80 nm. The selection

of the optimal relaxation time is very important in

the growth of single crystalline Bi nanowires.
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