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In this work, we present the preparation of CdS nanowires (CdS NWs) using the

chemical vapor deposition technique and bismuth (Bi) nanoparticles as catalysts. The

obtained nanowires were found to be in the hexagonal Greenockite structure according

to XRD diffractograms and Raman spectroscopy measurements. Depending on the

growth temperature, two kinds of morphologies were observed in SEM images. At

low temperature (around 150◦C), a high density and homogeneous population of thin

and straight nanowires grown through the vapor–liquid–solid mechanism was observed.

At higher temperature (around 270◦C), thicker bunches of braided nanowires were

observed. A quantitative analysis of the temperature-dependent photoluminescence

spectra of the CdS NWs was carried out.

Keywords: solar cells, semiconductors, nanowires, photoluminescence, catalytic method

INTRODUCTION

Semiconductor nanowires have been the subject of intense research because of their novel
properties and potential to be incorporated in advanced devices. They exhibit fast 1D growth rate
with good crystalline quality, thus leading to advantages in efficiencies and costs (Cui and Lieber,
2001; Huang et al., 2001a; Lieber, 2003; Tang et al., 2011) in opto-electronic devices. CdS nanowires
(CdS NWs) used as windowmaterial in p-n junction solar cells have the advantage of increasing the
effective p-n interface, thus reducing the losses due to photo-carrier recombination and increasing
light trapping as well (Liu et al., 2011). Taking this into account, we propose a solar cell with the
configuration shown in Figure 1. On the other hand, this nanostructured CdS could be tested as
windows material (or even as absorber) in hybrid solar cells, like Quantum Dots Dye Sensitized
Solar Cell (QD-DSSC), CdTe, or colloidal CdSeTe. Our argument is supported by the fact that the
space in between the nanowires could be embedded by an organic or inorganic photo-absorbent, or
micro crystals (Wang et al., 2007; Lee et al., 2009; Grynko et al., 2015). Besides, the incorporation
of CdS NWs could have the advantage of providing a direct path for the electrons to the anode,
thus decreasing the recombination of photoexcited electrons with the electrolyte (Jasim, 2011; Pan
et al., 2018) as a consequence of hopping between nanocrystals as occurs in DSSC cells. Other
works carried out in recent years report the use of CdS NWs, combined with other materials such
as ZnO, TiO2, and Pt to produce photocatalytic hydrogen under visible light irradiation. In these
cases, the CdS NWs showed an efficient charge separation, caused by fast diffusion of the generated
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FIGURE 1 | Scheme of a prototype of solar cell using CdS nanowires.

photoelectrons, becoming an excellent highly active
photocatalyst for the production of hydrogen (Bao et al.,
2006; Jang et al., 2008; Barpuzary et al., 2011).

Chemical vapor deposition (CVD) technique, assisted or not
by metal catalysts (nanoparticles or very thin layers) is frequently
used for preparing CdS NWs (Wang et al., 2002a; Ge and Li,
2004; Kwak et al., 2009). They are obtained by transport of
the vapor species to the substrates covered with the catalyst.
Different growth mechanisms have been found to be involved
in the formation of nanostructures, the most characteristic being
the vapor–liquid–solid (VLS) one (Givargizov, 1975; Kolasinski,
2006; Grynko et al., 2013). According to this mechanism, the
metal catalyst forms a drop in which vapor species dissolve until
oversaturation; then, the excess material precipitates and the
nanowire forms with a drop at the tip.

Nanoparticles or very thin layers of gold are more frequently
used as catalyst for the growth of nanowires (Huang et al.,
2001b; Wang et al., 2002b; Fu et al., 2006; Ma et al., 2007;
Zervos and Othonos, 2011). However, Au melting temperature
or Au/Cd eutectic (1,064 and 500◦C, respectively) are both quite
high. In addition, Au has been found to form non-radiative
recombination centers in CdS that degrade the optical properties
of the nanowires (Schmidt et al., 2009). Bismuth appears to be a
suitable catalyst candidate for the preparation of CdS NWs due
to its low melting temperature of 271◦C and because it forms a
eutectic with Cd at 145◦C (Keşlioglu et al., 2004). In the last few
years, the preparation of nanostructures of several semiconductor
materials using Bi as a catalytic metal has been reported (Wang
et al., 2006; Ouyang et al., 2007; Sun and Buhro, 2008; Kwak et al.,
2009, 2010). In these cases, the nanostructures were obtained
using a thin layer of Bi; the solution–liquid–solid mechanism
(SLS) has been verified. The use of a relatively large amount of
chemicals in SLS growth, with the subsequent generation of by-
products during the process, can work against the purity of the
prepared material. In contrast, CVD CdS is characterized by a
high degree of purity since only CdS vapor species and H2 are
present in the growth reactor.

In this work, we used Bi nanoparticles (NPs) to catalyze the
growth of CdS NWs. Because of the low temperature of the
Cd/Bi eutectic point, we obtained CdS NWs through the VLS
mechanism in a CVD configuration at substrate temperatures as
low as 145◦C. After careful calibration experiments, the flux and
the type of gas carrier were found to be determinant for obtaining
the growth of nanowires in the VLS regime. Independent of
the substrate temperature, two different kinds of morphologies

FIGURE 2 | Experimental setup used to grow CdS Nws. The source and

substrate are located in two graphite crucibles inside a quartz reactor.

were obtained, and their origin is discussed in relation with the
growth parameters.

EXPERIMENTAL

Soda-lime glasses with a fluorine-doped tin oxide layer (TEC15,
according to the manufacturer nomenclature, Pilkington, St
Helens, United Kingdom) are covered using a triple-magnetron
RF-Sputtering (model V3, Intercovamex, Mexico City, Mexico),
with layers of sputtered undoped SnO2 (35 nm) and CdS (60 nm)
and were used as substrates. In a typical experiment, 10µl of a
suspension composed of 20 g of Bi nanoparticles (NPs) dispersed
in 10ml of methanol was spin-coated onto the substrate at
1,000 rpm for 30 s. Then, the substrate was heated at 70◦C for
1min, allowing the methanol to evaporate. CdS powder (Aldrich
99.999% purity) was located in a graphite boat in the highest
temperature region (800◦C) of a tubular furnace inside a quartz
reactor. Initially, a nitrogen flow of 0.6 L/min was established to
remove the air in the reactor. Afterwards, the system was flowed
with forming gas (80% Ar/20% H2) at atmospheric pressure at a
rate of 0.1 L/min. Downstream, at a coldest region in the reactor
(150 or 270◦C for samples A and B, respectively), the substrate
with the NPs was located (see Figure 2). The growth time was
10min and, once the process was finished, the system was cooled
down under N2 flow.

Scanning electron microscopy (SEM) images and energy
dispersed spectroscopy (EDS) were obtained with a JSM 7800F
JEOL system (Kyoto, Japan) while TEM images were obtained
with a JEM-ARM200CF microscope provided with a cold
cathode electron gun (Cold Field Emission Gun, CFEG), a
spherical aberration corrector CEOS. The x-ray diffractograms
were taken with an X’Pert PRO PANalytical diffractometer
(Almelo, Netherlands) in fixed grazing incidence angle at room
temperature and using Cu-Kα radiation (λ= 1.54056 Å). Raman
spectra were measured with a Labram HR800 (Horiba Jobin
Yvon, Kyoto, Japan) equipment, with an excitation line of 633 nm
with an output power of 10.7 µW and objective magnification
of 50×. Photoluminescence (PL) spectra were obtained using a
He–Cd laser with an excitation wavelength of 442 nm and output
power of 16mWat room temperature. A doublemonochromator
SPEX-1403 was used to obtain the photoluminescence spectra
and the signal was detected using a thermoelectrically cooled
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photomultiplier RCA-C31034 that is coupled to a photon counter
equipment. In other experiments, a 325-nm laser line was used as
the excitation source and the sample emission was focused into a
photomultiplier tube of an Acton SpectraPro 2500i spectrograph.
All the spectra were corrected taking into account the spectral
response of the system. No significant differences were found in
the spectra that were taken with the two configurations.

RESULTS AND DISCUSSION

A secondary electron SEM image of the obtained nanowire
forest observed in a typical region of the surface of the sample
A is shown in Figure 3A. A high density and a homogeneous
population of thin nanowires with straight morphology can be
appreciated. In Figure 4, a low-resolution TEM image displays
a nanowire around 50 nm thick, with a dark sphere at the
tip, which we associate to a bismuth nanoparticle. At the left
inset in Figure 4, a high-resolution TEM image allows one to
appreciate the crystalline planes in the body of the nanowire.
The measurement of the inter-planar distance of these planes
indicates that the axial direction of the nanowire coincides with
[100] crystalline direction, as frequently observed in CdS NWs
(Fu et al., 2006). The nanowires are single crystals as can be
observed in the corresponding Fast Fourier Transform in the
right inset in Figure 4, which can be indexed as the [001] zone
axis; thus, the nanowires grow with the [001] direction normal to
the axis of the nanowires. Figure 3B shows an image obtained
with the backscattered electron detector, which allows one to
better resolve differences in chemical compositions. In this figure,
small bright spots with spherical shape distributed throughout
the sample surface and located at the tip of the nanowires can be
appreciated. These bright spots were identified as Bi according
to the EDS spectrum shown in the inset of Figure 3B. This is
an indication that the VLS mechanism is responsible for the
formation of the nanowires.

The nanowire morphology obtained at a higher substrate
temperature of 270◦C (sample B), is shown in Figure 3C. In
this case, bunches of braided nanowires with diameters ranging
between 100 and 300 nm are observed. Also, the nanowire density
is smaller than that in sample A.

These morphology differences can be explained considering
that, at the higher temperature of the sample B (near to the fusion
point of Bi), several Bi nanoparticles can coalesce, forming larger
particles and leading to the formation of more than one nanowire
in the same catalyst particle.

In the x-ray diffractograms for both samples, shown in
Figure 5A, the characteristic reflections of the CdS with
Greenockite phase (PDF 41–1,049) are observed. The peaks
marked with “+” come from the SnO2 substrate layer with
tetragonal phase (PDF 41–1,445), and the peaks around
40◦ correspond to the planes (104) and (110) of Bi with
rhombohedral phase (PDF 44–1,246). The diffractogram of the
substrate CdS layer was found to be very weak (see Figure S1

in the supplementary material), which indicates that the main
contribution of the diffractograms presented here comes from
the CdS NWs.

FIGURE 3 | (A) SEM images of the sample A showing a high density of CdS

nanowires. (B) Backscattered electron image showing bright spots at the tip of

the nanowires. In the inset, an EDS spectrum confirms the presence of Bi in

the bright spots. (C) SEM images of the nanowires obtained in sample B with

a substrate temperature of 270◦C.
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Raman spectra of samples A and B are shown in Figure 5B

together with the spectrum of a target fabricated with the Bi
nanoparticles. In the spectra, the characteristic emission of the
longitudinal optical LO-mode of CdS with Greenockite phase
at 300 cm−1 and its 2LO-first harmonic at 600 cm−1 can be
appreciated (Nusimovici and Birman, 1967). This result confirms
the indication of the x-ray diffraction analysis. The other
emissions observed in the Raman spectrum of the nanowires are

FIGURE 4 | TEM image of the nanowires at low resolution. The left inset

shows a high-resolution TEM image in which it is possible to observe the

crystalline planes. The Fast Fourier Transform is shown in the right inset, which

can be indexed as the [001] zone axis.

associated with the Bi nanoparticles: the peaks located around 97
and 185 cm−1 are the first- and second-order Raman scattering
mode of bismuth in the rhombohedral structure (Lannin et al.,
1975). The increase of the background intensity with increasing
energy is associated to the fluorescence in the SnO2 layer of
the substrate (similar background was measured in samples with
only the SnO2 layer).

Photoluminescence spectra for the samples at low
temperature (12–20K) and room temperature (300K) are
shown in Figure 6. The samples showed an intense and
bright luminescence with a narrow peak around 2.5 eV at low
temperature, which follows the behavior of near band gap
emissions (NBE) (Yang et al., 2012). In fact, deconvolution of
these spectra was carried out and the behavior of the intense
peak with temperature was found to follow the Varshni equation
(

Eg(T) = Eg(0)− αT2

T+β

)

as it can be observed in the insets,

where E0 is the low-temperature band gap and α and β are the
Varshni constants (Varshni, 1967) (The complete set of spectra
at different temperatures and the deconvolution of the spectra
at low temperature can be seen in Figure S2 and Figure S3 in
the supplementary material, respectively.). Following previous
reports (Thomas and Hopfield, 1962), we assigned this peak
to the emission of a bound exciton to a neutral acceptor (I1).
The NBE intense peak of sample B is much narrower than
that detected for sample A and is slightly shifted. This suggests
that the NBE luminescence of sample A is composed of other
contributions probably related with defects. This is confirmed
by the presence of an intense and wide band centered at around
2.05 eV, known as the “yellow band (YB)” of CdS that has been
ascribed to donor–acceptor pairs related to relatively deep
centers associated with Cd interstitial (Cdi) or S vacancies (Sv)
(Hong et al., 2000; Chandran et al., 2011). The YB has a tail at

FIGURE 5 | (A) XRD diffractogram for samples A and B showing the characteristic peaks of the CdS with Greenockite phase (the peaks marked with + symbols

come from the SnO2 substrate). (B) Raman spectra of nanowires and nanoparticles. The vibrational modes 1LO and 2LO corresponding to CdS with Greenockite

phase are observed.
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FIGURE 6 | Photoluminescence spectra at low and room temperature of (A) sample A and (B) sample B. In the inset, the fit of the NBE peak to the Varshni equation

and the obtained parameters are presented.

near 1.9 eV, which can be ascribed to the red band (RB) usually
related with surface defects (Shiraki et al., 1974). This combined
defect band is more intense for sample A with respect to the NBE
emission. At room temperature, spectra are dominated by the so-
called “green band (GB)” with a high energy component peaking
at near 2.4 eV, which has been related in the literature with a free
to bound transition corresponding with the recombination of a
free electron with a neutral acceptor (eA0) (Colbow, 1966). The
other two peaks present in the GB (resolved only in the spectra of
sample B) having an energy separation near the CdS LO phonon
(0.037 eV) (Marshall and Mitra, 1964) were considered as the
typical phonon replicas of the 2.4-eV transition. According
to the above PL analysis, CdS NWs in sample A seem to have
a larger amount of defects. This is probably due to the larger
surface-to-volume ratio (small diameter) for these nanowires.
This can increase surface states as well as Cd vacancies. As a
comparison, it is worth noting that the RT luminescence of CdS
NWs grown by the SLS mechanism with Bi catalyst is dominated
by the yellow band instead (Kwak et al., 2009).

It is important to consider that the bands, named YB, eA0,
or the unknown surface defect one, have charged state centers
whose trapped charges can recombine and give place to the PL
emission. The high density of trapped charge centers, originated
from the non-crystalline nature of the material, is deleterious for
the operation of II–VI solar cells. However, its presence is not
completely unavoidable, and defects are always present in the
materials, particularly when the surface-to-bulk ratio is high, like
in NWs.

CONCLUSIONS

The CdS NWs were prepared using the catalytic method
with Bi nanoparticles. X-ray diffractograms and Raman spectra

verified the presence of CdS hexagonal phase. Depending
on the growth temperature, the SEM images revealed two
kinds of morphologies. At low temperature, a highly dense
and homogeneous population of thin and straight nanowires
with diameters <100 nm was obtained. The images obtained
by backscattered electrons reveal bright spots with spherical
shape at the nanowire tip, indicating a VLS mechanism.
At higher temperatures, bunches of braided nanowires with
diameters ranging between 100 and 300 nmwere observed. These
different morphologies can be explained as a consequence of the
coalescence of Bi nanoparticles at higher substrate temperature.
The study of the PL showed that thin nanowires obtained at
low substrate temperature seem to have larger concentration
of defects probably because of the large surface-to-volume
ratio. CVD CdS NWs prepared with Bi nanoparticles could be
used in CdS/CdTe third-generation solar cells with advantages
with respect to gold-catalyzed ones. These CdS NWs have
good crystalline quality, although defect bands could affect the
efficiency of the solar cell. However, we consider it not significant
because, at room temperature, this band is almost no appreciable.
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