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ABSTRACT: Semiconducting nanowires frequently have enhanced proper-
ties and unique functionality compared to their bulk counterparts.
Controlling the geometry of nanowires is crucial for their integration into
nanoscale devices because the shape of a device component can dictate its
functionality, such as in the case of a mechanical spring or an antenna. We
demonstrate a novel synthetic method for making polycrystalline CdSe
nanowires with controlled geometries by using self-organized single-walled
carbon nanotubes as a template for the selective electrodeposition of
nanowires. Nanowires of up to hundreds of micrometers in length are formed
as high-density straight arrays, as well as in the shape of serpentines and loops.
These nanowires exhibit significant photoluminescence and photoconductiv-
ity applicable to photodetectors and respond to illumination up to 2 orders of
magnitude faster than single crystalline CdSe.

■ INTRODUCTION

One-dimensional nanostructures, such as carbon nanotubes and
inorganic nanowires, are currently regarded with intense
interest because of their potential integration into nanoscale
devices.1−3 In particular, semiconductor nanowires are an
important class of materials because they can be incorporated
into nanoelectronics,4 photodetectors,5,6 piezoelectrics,7 and
solar cells.8,9 A variety of methods have been developed for
synthesizing semiconductor nanowires, including vapor−
liquid−solid (VLS) growth,10 solution growth,11 and electro-
deposition into porous templates12,13 and on the step edges of
highly oriented pyrolytic graphite.14 However, it is still a
challenge to control the geometry of nanowires as the existing
synthetic approaches most commonly limit the shape of
nanowires to simple rods.11,12,14 Recently, nanowires with
zigzag,15 helical,16,17 sawlike,10 and perfectly aligned18,19

geometries have also been achieved by controlling the growth
conditions. Controlling the geometry of nanowires opens up
possibilities for their uses as nanoscale mechanical springs,
lighting elements, and electronics components or in other
geometry-specific applications.
Electrodeposition is a favorable method for creating

nanowires because of its low cost and scalability. In addition,
electrodeposition onto a conductive scaffold leaves the
electrodeposited material as a conformal layer so that the
shape of the electrodeposited material can be controlled by the
underlying electrode. Carbon nanotubes have been previously
used as nanoelectrodes for the electrodeposition of noble metal
nanoparticles.20−23 Other groups have combined the properties
of semiconductor quantum dots in a one-dimensional structure
by forming covalently bonded quantum-dot-decorated carbon

nanotube heterostructures.24 We have previously developed
self-organized single-walled carbon nanotube (SWNT) patterns
of complex geometries directed by crystal surfaces in
combination with external forces.25−27 Recently, we have
shown that these self-organized carbon nanotube patterns can
be used as templates for the electrodeposition of continuous
metallic nanowires with the geometry of the nanotubes.28

In this paper, we demonstrate that this approach of “drawing
with nanotubes” can be extended to compound semiconductor
nanowires of various geometries, including perfectly aligned
arrays of hundreds of CdSe nanowires, serpentines, and loops.
We show that the nanowire CdSe stoichiometry can be
precisely controlled through the electrodeposition process, and
we evaluate the kinetics of the electrodeposition process. The
structure of the nanowires is characterized with scanning
electron microscopy (SEM) and atomic force microscopy
(AFM), and their composition is determined using energy-
dispersive spectroscopy (EDS), and X-ray photoelectron
spectroscopy (XPS). The photoluminescence and photo-
conductivity of these new functional nanostructures is
measured and found to be comparable to that of single-
crystalline CdSe, although with improved photoconductive
recovery and response times.

■ EXPERIMENTAL METHODS
Electrodeposition onto Carbon Nanotubes. SWNTs

were grown horizontally on a miscut quartz substrate using
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chemical vapor deposition (CVD) (Figure 1a,b). A grid pattern
of iron catalyst was deposited on the quartz substrate using
photolithography and electron-beam evaporation of the metal.
The grid pattern allows SWNTs to begin growth from the iron
catalyst and then grow horizontally onto bare quartz. Titanium
(75 nm) was deposited over the grid pattern to obtain reliable
electrical contact between the carbon nanotubes and a wire
lead. The Ti leads were protected with 25 nm of amorphous
SiO2 to prevent both corrosion by the electrolyte solution and
electrodeposition onto the Ti instead of SWNTs. CVD
conditions were changed to obtain growth of SWNTs as
straight arrays or as serpentines and loops, as described
previously.25,28,29

Electrodeposition was carried out in a 5 × 5 × 2 mm3 cell cut
out of a layer of polydimethylsiloxane (PDMS) elastomer
(DOW Corning Sylgard) with a bottom made of a glass slide
(Figure 1c). A 100 nm layer of gold was deposited on the glass
slide and served as the counter electrode. A silver wire was
threaded across the electrochemical cell and reduced in the
presence of KCl to form a Ag/AgCl pseudoreference
electrode.28 The cell was filled with an aqueous solution of
120 mM CdCl2 (Baker) and 1 mM SeO2 (Aldrich, 99.999%
purity) in deionized water adjusted to pH 2−3 with HCl
(Gadot) based on the solution used by Li et al.14 The SWNT-
covered quartz slide was placed on top of the cell to serve as the
working electrode. This experimental cell can be placed on an
optical microscope stage such that electrodeposition can be
observed and monitored in real time (Figure 1d). Electro-
chemical processes were controlled by a PAR model 263A
potentiostat and the accompanying Power Suite software.
Characterization and Optical Measurements. Absorb-

ance spectra were obtained with a Varian Cary 50 series UV−
vis spectrophotometer. Photoluminescence spectra were
obtained with a LabRam HR800-PL spectrofluorimeter micro-
scope (Horiba Jobin-Yivon) and an excitation source at 457 nm
(Ar-ion CW laser, ∼15mW/cm2) that was directed at the
sample surface at an angle of 70° relative to the sample surface.
SEM images and composition information were obtained with a
Leo Supra 55VP microscope at a 2.50 kV accelerating voltage
with built-in EDS (Oxford). XPS measurements were
performed on a Kratos AXIS-Ultra setup, at a base pressure
of ∼10−9 Torr. A monochromatic X-ray source was used, and
detection pass energies ranged from 10 to 80 eV. Conductive

carbon tape was attached to the quartz surface and to the Ti
lines for controlled charging experiments. Charge compensa-
tion was applied controllably by means of an electron flood gun
at bias voltages up to 3.6 V and a filament current of 1.8 A.
For the photocurrent measurements, electrodes were

fabricated on typical nanowire samples by standard photo-
lithography and electron-beam evaporation of 5 nm of Ti (Kurt
J. Lesker, 99.995%) and 80 nm of Au (Kurt J. Lesker, 99.999%).
A HeNe laser (JDS Unipase 1122/P), with λ = 632.8 nm and a
flux density of 0.23 W/cm2, was used to excite the samples,
while applying dc voltages between −1.0 and 1.0 V. For the on/
off switching of the laser light, an optical chopper (Thor
laboratories) was used at a frequency of 5 Hz. The signal was
amplified using a preamp, and recorded using an oscilloscope
(Tektronix TDS 2012B). The sample was contacted using
probes (Karl Suss PH100 and Micromanipulator 110/210).

■ RESULTS AND DISCUSSION

CdSe nanowires were deposited according to the overall
reaction described in eq 1. It has been suggested that
deposition of CdSe occurs through the reduction of H2SeO3
to H2Se (eq 2), and then further reaction of H2Se with Cd2+

takes place (eq 3).30 The formation of CdSe from H2Se (eq 3)
competes with the formation of elemental selenium (eq 4).
Alternately, it has been suggested that CdSe forms from direct
reduction without the formation of an H2Se intermediate (eq
1).31 Cyclic voltammetry (CV) of our electrolyte solution
shows a first reduction process that begins at approximately
−0.6 V and a second reduction process that starts at −0.85 V,
but which shifts to slightly less negative potentials on the
reverse scan and subsequent voltammetry cycles. We attribute
the less-negative reduction process to the deposition of CdSe
through the two-step mechanism and possibly the formation of
elemental selenium (eqs 2−4) (Figure 2a). The direct
deposition of CdSe and the deposition of elemental cadmium
(eq 5) occur at a more negative potential than the two-step
formation of CdSe, so we assign these processes to the more
negative reduction peak. Indeed, a constant potential
deposition at −1.0 V resulted in nanowires with a Cd/Se
ratio of 3 to 3.5, as measured by energy-dispersive spectroscopy
(EDS). On the reverse scan, a large cadmium stripping peak is
seen (eq 5).

Figure 1. Experimental setup for the electrodeposition of CdSe nanowires onto SWNTs. (a) Quartz sample with grid pattern of Fe catalyst/Ti-SiO2
contact layer. (b) SEM image of typical straight aligned SWNTs growing out of grid pattern. (c) Electrochemical cell with working electrode (WE),
counter electrode (CE), and reference electrode (RE). (d) Optical microscope image of deposited CdSe nanowires. An optical microscope
positioned above the electrochemical cell is used to observe the progress of electrodeposition in real time.
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+ + + → ++ − +H SeO Cd 6e 4H CdSe 3H O2 3
2

2 (1)

+ + → +− +H SeO 6e 6H H Se 3H O2 3 2 2 (2)

+ → ++ +H Se Cd CdSe 2H2
2

(3)

+ → +2H Se H SeO 3Se 3H O2 2 3 2 (4)

+ →+ −Cd 2e Cd2 (5)

Cyclic deposition and stripping was used to deposit smooth
CdSe nanowires of controllable stoichiometry.14,32 The electro-
deposition window was kept as narrow as possible in order to
reduce roughness due to diffusion-limited growth caused by a
large overpotential. The electrodeposition scheme shown in
Figure 2b results in stoichiometric CdSe nanowires. CdSe and
cadmium are deposited through a cyclic pulse from −0.8 to
−0.825 V to −0.8 V at 10 mV/s, and excess cadmium is
stripped from −0.8 to −0.775 V to −0.8 V at 10 mV/s (Figure
2b). Because of the large amount of cadmium species in
solution relative to selenium species, we assume that any
deposited elemental selenium reacts and forms CdSe with
excess deposited cadmium.32 Increasing the number of
deposition/stripping cycles was found to increase the size of
deposits while maintaining nanowire composition (see the
Supporting Information), with continuous nanowires generally
formed after 10 cycles.
We analyzed the nucleation kinetics in our system by fitting

current transients to the Scharifker−Hills (S-H) model,33 as we

did previously with Au electrodeposition on SWNTs.28

However, for the electrodeposition of CdSe, no satisfactory
fitting of the transient currents to the theoretical equations
could be found. The nucleation mechanism could thus not be
classified as a simple instantaneous nucleation or progressive
nucleation, because the current rose slowly before reaching its
maximum, as in progressive nucleation, and then decayed
slowly, as in instantaneous nucleation for some of the voltages
explored (see the Supporting Information). The initial
progressive-like behavior could be due to adsorption of
selenium onto the carbon nanotube,14 which was also seen in
gold nucleation studies.34 The S-H model assumes random
nucleation on a 2D surface, while it has been shown that
aligned or randomly oriented SWNTs do not provide a
sufficient density of nucleation sites to assume a 2D surface
under the conditions that allow nanowire synthesis. Therefore,
this assumption may contribute to the discrepancy between
observed and theoretical current transients.23,28 The transients
observed for CdSe deposition also show slow, non-Cottrellian,
current decay that may be an additional signature of preferential
nucleation along nanotubes (a 1D surface)23,28,35 or point to
some role of charge-transfer limitation. The nucleation kinetics
may also be complicated by the fact that different chemical
species, such as H2Se, Se, Cd, and CdSe, are deposited at
similar potentials, but through different mechanisms.
CdSe nanowires with straight, serpentine, and looped

geometries are formed by electrodeposition on SWNTs of
the corresponding shape (Figure 3). Virtually all SWNTs in
contact with the electrolyte solution were covered with CdSe
after the electrochemical scheme was applied. As a result, the
density of the CdSe nanowires was determined by the density
of the underlying SWNTs. Both samples of straight nanowires
and samples of nanowires with curved geometries contain
nanowires that are continuous along the length of the carbon
nanotube, as well as nanotubes with gaps in the CdSe coverage.
Some continuous nanowires were found to extend from one
titanium line to the next one on the grid pattern, a distance of
about 450 μm. We speculate that the extent of CdSe coverage
may be affected by the semiconducting or metallic nature of the
underlying SWNT, which would agree with previously
developed theory.36 About 1 in 20 nanowires were found to
taper to a smaller diameter at the end of the nanowire (see the
Supporting Information). These nanowires are possibly
deposited over thin semiconducting nanotubes, which have a
relatively larger band gap, causing a drop in potential and
increased resistance along the nanotube. Using atomic force
microscopy (AFM), straight nanowires were found to range
from 70 to 200 nm in height and curved nanowires ranged from
140 to 480 nm in height. A 13% variation in height on average
occurs along every micrometer of distance along the length of a
nanowire. Nanowires appear to be about twice as wide as they
are high in SEM and AFM images, respectively, suggesting a
hemicylindrical shape.
EDS measurements on a straight aligned nanowire sample

showed a Cd/Se stoichiometric ratio of 1.0 ± 0.2. Details about
the surface chemistry of the nanowires were obtained with X-
ray photoelectron spectroscopy (XPS). The XPS-derived
atomic concentrations, measured from a macroscopic analysis
spot, ∼0.5 mm in diameter, yielded 1.58 ± 1% and 1.27 ± 4%
of Cd and Se, respectively, with the remainder of O, Si, and C,
as expected from measurements on quartz substrates. The
carbon was most likely deposited during SEM imaging. The
nonstoichiometric Cd/Se ratio is believed to reflect Cd

Figure 2. Electrodeposition processes used to produce and character-
ize the formation of nanowires. (a) Cyclic voltammogram of 120 mM
CdCl2 and 1 mM SeO2 at 10 mV/s. (b) Trace for CdSe cyclic
deposition/stripping from −0.8 to −0.825 V to −0.775 to −0.8 V at
10 mV/s (3 cycles are shown, although 10 cycles are used to form
continuous nanowires).
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oxidation at the CdSe surface. XPS can easily resolve the
selenide and oxidized selenium peaks, but not those of the
selenide versus oxidized cadmium signals. However, curve
fitting applied to the cadmium peak (assuming a stoichiometric
ratio of unoxidized cadmium and unoxidized selenium)
suggests that oxidized cadmium is approximately 71% of the
oxide layer, most likely in the form of CdO or Cd(OH)2.

37 The
remaining 29% of the oxide layer is oxidized selenium, most
likely SeO2. The unequal content of oxidized selenium and
cadmium is associated with desorption of SeO2. The overall
oxide layer at the nanowire surface is estimated to be ∼0.23 nm
in thickness.
The optical properties of the CdSe nanowires electro-

deposited on SWNTs are similar to those of bulk CdSe. The
absorption spectra of the CdSe nanowires show an onset of
absorbance at about 750 nm (Figure 4a). The photo-
luminescence spectrum of a few nanowires shows a peak
centered at 720 nm (Figure 4b). Both absorbance and
photoluminescence appear to be dominated by band-edge
transitions corresponding to a band gap of 1.75 eV, similar to
that of bulk CdSe. The lack of blue shift indicates that the grain
size of the polycrystalline CdSe is larger than the Bohr exciton
diameter in CdSe (11 nm).38 In principle, SWNTs have the
ability to quench the photoluminescence of attached CdSe
nanoparticles.39,40 However, although there may be some
quenching, our nanowires exhibit a significant yield of
photoluminescence. This result can be attributed to the fact
that the diameter of the CdSe nanowires is 2 orders of

magnitude greater than that of the SWNTs so that most of the
CdSe volume is too far from the SWNT to be quenched before
radiative recombination occurs.
Photoconductivity measurements on a few nanotube-

templated CdSe nanowires are shown in Figure 5. Upon
illumination at 632.8 nm, the conductivity of these nanowires
increases by an on/off ratio of 5.5 on average. A range of on/off
ratios from 1 to 10 is observed for different nanowires, which
may reflect variations in nanowire size, and degree of contact
between CdSe particles along a nanowire, and between the
metallic contact pads and nanowires. Time-dependent measure-
ments (Figure 5b) show response and recovery times of τon =
9.1 ± 0.3 ms and τoff = 3.2 ± 0.1 ms, respectively. For
comparison with other related systems, the on−off ratio of our
SWNTs-templated CdSe nanowires is about 4 times smaller
than that reported for single-crystalline CdSe nanowires,5 but
the response and recovery times are 2 orders of magnitude
faster. On the other hand, the on/off ratio and response times
for our SWNT-templated CdSe nanowires are still significantly
smaller and slower than those reported for lithographically
patterned nanocrystalline CdSe nanowires.41 We may speculate
that quenching by the SWNT present at the core of the CdSe
nanowire attenuates the on/off ratio, but can also make the
response faster by competing with the slow recombination of
separated electron−hole pairs, which is usually responsible for
the slow photocurrent recovery in single-crystal semiconduct-
ing nanowires.42 It has also been shown that the response/
recovery time of nanocrystalline semiconductor films and

Figure 3. Continuous CdSe nanowires of various geometries. SEM images show geometries such as (a, b, f) straight arrays, (c, d) thin serpentine
with continuous curved sections, (e, h) serpentine, and (i) coiled. AFM image of (g) straight nanowire arrays with marked sections with heights of
87 nm (blue markers), 84 nm (red), and 68 nm (green), and (j) serpentine nanowire with marked sections with heights of 450 nm (blue), 540 nm
(red), and 500 nm (green).
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nanowires is faster than that of single-crystalline ones.41 In this
respect, the fact that the nanotube-templated semiconducting
nanowires are nanocrystalline can actually be advantageous.
Additional insight into the electrical properties of the CdSe

nanowires was obtained by applying controlled surface charging
during XPS measurements.43 The CdSe nanowires were found
to be well connected electrically to the ground, because the
CdSe signal did not shift significantly (less than 100 mV) under
positive and negative charging conditions, in marked contrast
with the surrounding quartz (shifts > 3 V). This result confirms
the high selectivity of CdSe deposition on the nanotube
template with no residual CdSe on the quartz substrate. The
CdSe nanowires also showed a reversible photovoltage when
exposed to light during XPS measurements (see the Supporting
Information). An 80 meV line shift was measured in response
to light, indicating p-type behavior, where excited holes are
preferentially captured at the nanowire surface.44

■ CONCLUSIONS
In summary, we have developed a novel method for creating
semiconducting nanowires with complex geometries by electro-
deposition onto self-organized patterns of single-walled carbon
nanotubes. This approach of “drawing with nanotubes” is
demonstrated here with the creation of CdSe nanowires with
perfectly parallel, serpentine, and looped geometries. The
serpentine shape has interesting geometric properties because it
covers a maximum area with a single line; hence, it is
commonly seen in macroscopic functional systems of heating,
cooling, lighting, collection, and irrigation. One can envisage a

vast array of analogous functional nanosystems enabled by the
bottom-up assembly of semiconducting nanowires with
serpentine shapes, as demonstrated herein for the first time.
CdSe is an interesting semiconductor for its photoluminescent,
photoconductive, and photovoltaic properties in the visible
light spectrum. We have characterized the optical properties of
SWNT-templated CdSe nanowires, showing photoconductivity
with an up to 1 order of magnitude on/off ratio at a relatively
fast response/recovery time. The optical properties of the CdSe
nanowires could be further enhanced by passivating them with
an inorganic shell layer with a wider band gap or with organic
ligands. Our ability to easily organize CdSe nanowires into
ordered arrays indicates that this material can potentially be
integrated into devices such as photodetectors and photovoltaic
elements. We have also shown that cyclic electrodeposition and
stripping onto a carbon nanotube template is a low-cost, simple,
and versatile technique that allows control over stoichiometry
and shape of nanowires in high yield. In the future, this
technique may be used to produce nanowires of other inorganic
materials as well as organic molecules, and combine the unique
geometry of self-organized carbon nanotube templates with the
properties of the deposited material for the achievement of new
functionalities.

Figure 4. Optical properties of CdSe nanowires. (a) Absorption
spectrum. (b) Photoluminescence spectrum. Inset shows that the 457
nm laser used for the photoluminescence measurement was focused
on a few nanowires and not a large ensemble.

Figure 5. Photoconductivity of CdSe nanowires. (a) I−V curves with
(red) and without (black) illumination (laser wavelength λ = 632.8
nm, intensity = 0.23 W/cm2). Inset shows an SEM image of the CdSe
wires, measured between two electrodes. (b) Electrical current (black
line) measured during the switching of the laser on and of f (red line)
successively (bias voltage, 1.0 V; response time, τon = 9.1 ± 0.3 ms;
recovery time, τoff = 3.2 ± 0.1 ms).
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Figure S1. Additional nanowire geometries. a) SEM image of curved, and b) EKG-shaped nanowires. c) 

SEM image of a staircase geometry nanowire. A section of this nanowire is broken, revealing the 

underlying carbon nanotube. d) SEM image of a coiled nanowire that tapers to a smaller diameter at the 

end of the nanowire. 
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Figure S2. Deposits on SWNTs increase in size and eventually merge to form continuous nanowires with 

increased pulses. SEM images of crossed nanowires after a) 1 cycle, and b) 5 cycles. SEM images of a 

straight nanowire after c) 5 cycles, and d) 10 cycles. 
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Figure S3. Kinetic analysis for the elucidation of the nucleation mechanism by comparing dimensionless 

current transients at different applied potentials to theoretical curves for instantaneous (continuous blue 

line) and  progressive (solid green line) current transients, according to the Scharifker- Hills model.
1,2
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Figure S4. CdSe nanowires show a reversible photovoltage during XPS measurements when exposed to 

light. The signal shifts by 80 meV as expected for p-type behavior. The black line is the XPS signal when 

dark, blue line is the signal when light is shown on the nanowires, and red line is signal when light is 

turned off again. 
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