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Abstract Semiconductor InSb nanowire arrays have

been synthesized by the pulsed electrochemical depo-

sition from citric acid aqueous solution into anodic

alumina membranes. It was found that the InSb

nanowires are of zinc-blende structure, and high filling

rate and single-crystalline InSb nanowire array with

right stoichiometric composition can be fabricated by

proper controlling of the concentration of In and Sb

ions and the PH value in the electrolyte and the pulse

voltage, and the nanowires have [100] orientation with

structure defects such as twins. The optical band gap

has a strong blue shift with decreasing the diameter of

the nanowire due to the quantum confinement effect.

Introduction

As a direct bandgap semiconductor, indium antimo-

nide (InSb) has the smallest band gap, measuring

0.17 eV at 300 K and corresponding to IR wavelength

(6.2 lm) [1]. It is an important semiconductor for use

in electron and long wavelength optoelectronic device

application. Because of its unique properties and

potential application, InSb has attracted considerable

attention in the last several years [2–4]. InSb quantum

dots [5, 6], nanorods [7], and thin film [8–10] have been

studied. However, the fabrication of InSb nanowires is

still scarce.

Different methods are used to fabricate the nano-

wires, such as vapor–liquid–solid (VLS) [11], physical

vapor deposition (PVD) [12], and hydrothermal [13].

Comparatively, the template synthesis method, using

anodic alumina membranes (AAM), is effective and

inexpensive method to fabricate nanowires [14]. Dif-

ferent materials, such as Bi, Si, Au, Ag, nanowires [15–

18], TiO2, Ag2S, CdSe nanowires [19–21], and Bi2Te3

nanowire arrays [22] have been fabricated in AAM.

The pulsed electrodeposition process is one of the most

efficient methods for the growth of uniform and

continuous nanowires [23–25].

In this paper, we report the fabrication and charac-

terization of InSb nanowire arrays in AAM by the

pulsed electrodeposition technique for the first time.

Experimental

The AAM templates were prepared by a two-step

anodization process [23–25]. The high purity

(99.999%) aluminum foils were degreased in acetone

firstly, then annealed at 500 �C for 5 h and electro-

polished in a mixture of perchloric acid and ethanol

(1:9) at 5 �C. The anodization was carried out at 40 V

DC in 0.3 M oxalic acid aqueous solution at 7 �C.

After first anodization for 4 h, the formed alumina was

removed by a mixture solution of phosphoric and

chromic acids for 6 h. Then the aluminum foil was

anodized again for 16 h. The central remaining alumi-

num was removed in a saturated SnCl4 solution, and

the surrounding aluminum was retained as a support.

Then the barrier layer was dissolved in 30 �C for
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45 min. The pore diameter of the as-prepared AAM is

about 60 nm. While the AAM with pore size of 80 nm

is obtained by etching in H3PO4 solution at 30 �C for

40 min. Finally, a layer of Au film was sputtered onto

one side of AAM to server as the working electrode.

The pulsed electrodeposition of the InSb nanowire

arrays was performed in a two-electrode electrochem-

ical cell controlled by computer, and a graphite plate

was used as the counter electrode. The typical elec-

trolyte solution contains 0.06 M InCl3�4 H2O, 0.045 M

SbCl3, 0.2 M H2C6H5O7 and 0.15 M Na3H2C6H5O7.

The PH value of the electrolyte was adjusted to 2.2 by

HCl and the fabrication was performed at 20 �C at the

voltage of –2.1 V.

The X-ray powder diffraction (XRD) spectrum of

the nanowire arrays was obtained by an X-ray diffrac-

tometer (D/MAX-rA) with Cu Ka radiation

(k = 1.54178 Å). The structure was analyzed by field

emission scanning electron microscope (FE-SEM)

performed on JEOL JSM-6700F and a transmission

electron microscope (TEM) on H-800. For the FE-

SEM investigation, the sample was immersed in 5 wt%

NaOH solution to partially remove the alumina tem-

plate and then washed several times with deionized

water. The TEM specimen was obtained by completely

dissolving the AAM in 5 wt% NaOH solution and then

rinsed with absolute ethanol and immersed in an

ultrasonic bath for 8 min. High-resolution transmission

electron microscopy (HRTEM, JEOL-2010) were used

to study the crystalline structure and morphology of

nanowires arrays. The chemical compositions of the

nanowires were determined by energy dispersive

spectrometer (EDS) attached in FE-SEM.

Results and discussion

The most important issue in fabricating InSb nanowires

is to obtain right stoichiometric composition. We fixed

the pulse frequency 1000 Hz (ton = toff = 500 ls) and

electrolysis temperature, and studied the influence of

the relative concentration of In3+ and Sb3+ ions in the

electrolyte, PH value of the electrolyte and the pulse

voltage in the preparation of the nanowire arrays. The

conditions are summarized in Table 1. Figure 1a shows

a typical EDS pattern of the InSb nanowires deposited

with the condition described in experimental section,

which demonstrates that there are only In and Sb

elements in the nanowires, the C and O peaks are due

to the absorption, and the Cu peak is due to copper

girding. Quantitative analysis indicates an atomic

composition of 50.7% In and 49.3% Sb, which is very

close to 1:1. The ratio of In to Sb in the nanowires

almost linearly increases with increasing the PH value

of the electrolyte, and at about 2.2 reaches about 1

when the InCl3/SbCl3 = 1.33 in the electrolyte at the

pulse voltage of –2.1 V, see Fig. 1b. It is well known

that to realize the co-deposition of In3+ and Sb3+, a

high concentration of the In3+ in the electrolyte is

necessary in order to bring the electrode potentials of

the In3+ closer to Sb3+, because the electrode potential

of In3+ is large than Sb3+. We can see from the Fig. 1c

that it is difficult to realize the co-deposition of In3+

and Sb3+ when In3+/Sb3+ < 1 in the electrolyte, and

only when the molar ratio of InCl3 to SbCl3 = 1.33 in

the electrolyte that the atomic ratio of In to Sb in the

InSb nanowires is about 1. The dependence of the ratio

of In to Sb in the nanowire on the pulse voltage is

nonlinear, and the In/Sb increases with the pulse

voltage, and at about –2.1 V reaches about 1, and then

increases again. From these results it was found that

the InSb nanowires with high filling rate and right

stoichiometric composition could be fabricated under

the conditions of the pH = 2.2, voltage = –2.1 V and

the molar ratio of InCl3/SbCl3 = 1.33 in the electrolyte.

Under other deposition conditions, the resulting nano-

wires are admixture of In or Sb and InSb. It was also

found the pulse frequency (100–1,600 Hz) is less

important in determining the atomic ratio of In/Sb in

the nanowires but plays a significant role in deciding

the orientation of the nanowires.

The XRD patterns of the InSb nanowire arrays

pulsed electrodeposited with different conditions are

shown in Fig. 2. One can see when the ratio of

In3+:Sb3+ = 2:3 (<1) in the electrolyte only Sb nano-

wires were obtained, See Fig. 2 curve a, and when the

pulsed voltage increased to –2.4 V the admixture of In

and InSb nanowires were formed, see Fig. 2 curve b

with all other condition the same. Under the conditions

of the pH = 2.2, voltage = –2.1 V and the molar ratio

of InCl3/SbCl3 = 1.33 in the electrolyte, the diffraction

peaks of the InSb nanowires fabricated can be index to

a cubic zinc-blende phase of InSb crystal (JCPDS

060208), see Fig. 2 curve c, no other diffraction peaks,

such as Sb and In, were observed indicating the pure

InSb phase was fabricated. One also can see that the

intensity of the diffraction peak at 2h = 56.6o is relative

strong than other diffraction peaks, demonstrating that

Table 1 Deposition conditions for InSb nanowires

Condition In3+:Sb3+ (M) Voltage (V) PH value

1 4–0.7 –2.1 2.2
2 1.33 –1 to –2.5 2.2
3 1.33 –2.1 1.5–2.5
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the InSb nanowires deposited in AAM grow preferen-

tially along [100] crystal direction.

Figure 3 shows the FE-SEM images of the InSb

nanowire array after the AAM has been partly etched

away for different times. One can see that almost all

the pores are filled with InSb nanowires. The cross-

section view of the nanowire array in Fig. 3c clearly

indicates that the nanowires are parallel to each other

with the length of about 60 lm, and uniformly distrib-

uted in the pores of AAM.

Figure 4 shows the TEM images of the InSb

nanowires with diameter of 60 nm and 80 nm after

the AAM was completely removed. The diameter of

the nanowires is apparently consistent with the pore

size of the AAM used. A typical TEM image of a

single InSb nanowire with diameter of 60 nm is shown

in Fig. 5 together with the corresponding diffraction

pattern. The diffraction spots of (200), (11 1) and ( 11

1) lattice planes correspond to a single-crystal cubic

zinc-blende structure of InSb (the inset in Fig. 5a).

Calculation indicates that the incident beam is paral-

lel to [011] direction. The HRTEM images in Fig. 5b

and c are recorded from different areas of the

nanowire, as marked in Fig. 5a, to reveal the local

structures. It can be seen from Fig. 5b that the (200),

(11 1) and ( 11 1) lattice fringes with lattice spacing

about respectively 0.32, 0.380 and 0.38 nm show the

two dimensional lattice planes. The (200) lattice

fringes is perpendicular to the axis of the nanowire,

indicating the growth direction of the InSb nanowires

is along [100] direction, which is in consistent with the

result of the X-ray diffraction. From the diffraction

pattern one also can see that there are some twins or

stacking faults in the nanowires and these planar

Fig. 1 (a) Typical EDS
patters of InSb nanowires and
the ratio of In:Sb in InSb
nanowires as a function of (b)
PH value, (c) In3+:Sb3+ ratio
in the electrolyte and (d) the
pulse voltage

Fig. 2 XRD patters of InSb nanowires pulsed electrodeposition
with the conditions of (a) InCl3/SbCl3 = 2:3, voltage = –2.1 V,
(b) InCl3/SbCl3 = 1.33, voltage = –2.4 V and (c) InCl3/
SbCl3 = 1.33, voltage = –2.1 V together with that from InSb
crystal (JCPDS 060208)
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defect structures are in ( 11 1) planes, as can be

clearly seen in Fig. 5c. In cubic zinc-blende crystals

twinning along the [111] direction is a well-known

effect creating domains in which the main crystal axis

orientation changes from domain to domain [26]. The

planar defect structures might be caused by the

fluctuation of system energy, which has a close

relation with the surface and interface of the nano-

wires. Instability of the system energy will introduce

strain and defects during crystal growth and lead to

the formation of twins or stacking faults on the {111}

facets. It was also found in our experimental that the

InSb nanowire arrays with the diameter less than

60 nm are polycrystalline with nonstoichiometric

composition.

Figure 6 shows the infrared absorption spectra of

the InSb nanowire arrays with different diameters. One

can see that the optical absorption edge moves to short

wavelength region with decreasing the diameter. For

the direct bandgap semiconductor the absorption

coefficient a is connected with the band–gap energy

Eg by the equation:

ðahmÞ2 ¼ Aðhm� EgÞ

The inset in Fig. 6 shows the variation of (ahm)2

versus hm, and the energy gap is obtained by extrap-

olating the linear portion of the (ahm)2 versus hm plot to

a = 0 (for a large than 104 cm–1). The band gap energy

is found to be about 1.70 eV for the 80 nm InSb

Fig. 3 FE-SEM images of the
InSb nanowire array with
diameter of 60 nm after the
anodic alumina membranes
(AAM) has been partly
etched away for (a) 5 min and
(b) 8 min, (c) cross-section
view of the AAM filled with
nanowires

Fig. 4 TEM image of InSb
nanowires with diameter of
(a) 60 nm and (b) 80 nm

Fig. 5 Typical TEM image of
(a) a single InSb nanowires
with diameter of 60 nm, (b)
and (c) HRTEM images of
area marked in (a). The inset
in (a) is the corresponding
SAED pattern and the letters
T in (c) is the indication of the
twin structure
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nanowire, which is coincident with the literature data

for bulk InSb. However, the band gap moves to about

2.0 eV for 60 nm InSb nanowires, a very strong blue

shift occurs. The exciton Bohr radius of InSb is about

65.5 nm [27], and the quantum confinement effect will

dominate when the diameter of the InSb nanowires is

less than its Bohr radius. Thus the strong blue shift of

the optical band gap for 60 nm InSb nanowires is

considered due to the quantum confinement effect.

Conclusion

In summary, we have successfully produced the highly

ordered single crystalline InSb nanowires array in

porous anodic alumina membrane by the pulsed

electrodeposition. The results indicate that the nano-

wires have a zinc-blende single crystalline structure

with twins or stacking faults on the {111} facets and

grow along [100] direction. The proper controlling of

the concentration of In and Sb ions and the PH value in

the electrolyte and the pulse voltage is essential in

fabricating the InSb nanowires with high filling rate

and right stoichiometric composition. The optical band

gap has a strong blue shift with decreasing the diameter

of the nanowire due to the quantum confinement

effect. And yet, it will be very interesting to study

electrical transport properties of the InSb nanowires.

Further work is underway.
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