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CdS nanoneedles have been grown on Ni-coated Si (100) substrates by pulsed
laser deposition. Substrate temperature and Ni-catalyst layer thickness were
found to have great effects on the density and morphology of the as-grown CdS
nanoneedles. Crystalline CdS nanoneedles with middle diameter and length of
about 40 nm to 100 nm and 400 nm to 1000 nm, respectively, could be
obtained at 350�C to 450�C on Ni-coated silicon (100) substrates, and nano-
needles with good shapes were obtained at 400�C substrate temperature.
From the cross-section morphologies, it was found that the CdS nanoneedles
grew out of the base CdS crystallite layer with thickness of about 500 nm.
Based on the experimental results, vapor–solid and vapor–liquid–solid growth
modes describe the CdS nanoneedle growth.
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INTRODUCTION

CdS, one of the II–VI semiconductors, is a good
and sensitive optoelectronic material with a wide
direct band gap of 2.42 eV,1,2 having potential
applications in light-emitting diodes (LEDs),3,4 light
sensors,5–7 photocatalysts,8,9 and hybrid solar
cells.10 If nanostructures can be introduced into
this material, the sensitivities and efficiencies of
these devices could be greatly increased due to the
increased specific surface area and quantum size
effects. In recent years, methods of synthesis of CdS
nanowires, such as electrochemical deposition,11–13

solvothemal route,14–16 and chemical or physical
vapor deposition,17,18 have been rapidly developed.
Compared with these routes, pulsed laser deposition
(PLD) is a relatively efficient and simple approach.19

Using PLD, it is easy to control the growth process
and avoid sample contamination because the laser-
ablated plumes have good directionality and the
surroundings are kept at low temperatures. Con-
gruent ablation and very little contamination make
PLD appropriate for synthesis of nanocrystals of
refractory compounds such as CdS.20,21 Moreover,
the considerable kinetic energies of the laser-ablated

species enable them to migrate on the substrate
surface, improving the formation of nanocrystals at
low substrate temperature.22

There has recently been a report on synthesis of
CdS/CdTe nanoparticles by the PLD method to
improve the efficiency of cadmium-based solar cells
by incorporating nanostructures.23 However, syn-
thesis of CdS nanowires using PLD has scarcely
been reported. In the series of experiments reported
herein, crystalline CdS nanoneedles were grown on
Ni-coated Si (100) substrates using PLD. The sub-
strate temperature and Ni-catalyst layer thickness
were varied to optimize the morphology and crys-
tallinity of the as-grown CdS nanoneedles. Based on
the experimental results, the mechanisms of CdS
nanoneedle growth are discussed.

EXPERIMENTAL PROCEDURES

CdS nanoneedles were grown on Ni-coated Si
(100) substrates by the PLD method. The experi-
mental setup consisted of a Nd:YAG laser with
wavelength of 532 nm and a deposition chamber
with base pressure of 10�4 Pa. Before being placed
into the chamber for CdS nanoneedle growth, sub-
strates were first ultrasonically cleaned in acetone
and ethanol, then chemically etched in HF solution
(H2O:HF = 3:1), and finally rinsed in deionized
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water. Sample preparation involved two steps. In
the first step, Ni layers were deposited on the sub-
strates by PLD with laser pulse energy of 50 mJ and
repetition rate of 5 Hz, without background gas or
substrate heating, for 5 min to 15 min. In the sec-
ond step, the Ni-coated substrates were first heated
to 300�C to 500�C, then CdS nanoneedles were
grown by PLD with laser pulse energy of 50 mJ and
repetition rate of 10 Hz, without background gas,
for 30 min. The morphology of all the samples was
examined by field-emission scanning electron
microscopy (FESEM) and transmission electron
microscopy (TEM). Their crystalline structures
were characterized by selected-area electron dif-
fraction (SAED), high-resolution transmission elec-
tron microscopy (HRTEM), and x-ray diffraction
(XRD). Their room-temperature photoluminescence
(PL) spectra were also measured to check the crys-
tallinity and defects.

RESULTS AND DISCUSSION

Different substrate temperatures and Ni-layer
thicknesses were tried for growth of CdS nanonee-
dles. To investigate the effect of substrate tempera-
ture on CdS nanoneedle growth, substrate coated by
Ni in 10 min predeposition were heated and kept at
temperatures between 300�C and 500�C at steps of
50�C during the deposition of CdS nanoneedles. At
the 300�C substrate temperature, no nanoneedles
had grown after 30 min of CdS deposition, and only a
few small tips could be distinguished on the base CdS
thin film (Fig. 1a). When the substrate temperature
was increased to 350�C, some sparse nanoneedles
grew out of the flat, crystalline base CdS thin film
(Fig. 1b). In the upper right inset of Fig. 1b, a single
nanoneedle with a perfect long triangular-pyramid
shape is seen, with middle diameter and length of
about 100 nm and 1000 nm, respectively. This may
indicate that the Ni layer did not melt at the substrate
temperature of 300�C, but began to melt and function
as a catalyst at 350�C. As the substrate temperature
was further increased, the density of the as-grown
nanoneedles increased rapidly. Figure 1c shows the
morphology of CdS nanoneedles as grown at 400�C
substrate temperature. In Fig. 1c, nanoneedles with
long triangular-pyramid shapes can be seen, having
average middle diameter and length of 50 nm and
800 nm, respectively, at density of 3.7 9 108 cm�2.
With further increase of the substrate temperature to
450�C, dense and randomly oriented nanoneedles
grew on the substrate with density of about
1.9 9 109 cm�2 (Fig. 1d). These nanoneedles were
slightly bent, having average middle diameter and
length of 80 nm and 400 nm, respectively. When the
substrate temperature was increased to 500�C, again
no nanoneedles appeared, and only crystalline blocks
grew on the substrate (Fig. 1e).

Figure 2 demonstrates how the Ni-catalyst affects
the morphology of the as-grown CdS nanoneedles.

Figure 2a presents the morphology of the Ni layer
deposited with the 50 mJ/5 Hz pulsed laser for
duration of 10 min. It can be seen from Fig. 2a that
the Si (100) substrate is covered by Ni nanoparticles
with size of 5 nm to 20 nm. Figure 2b–d shows CdS
deposited on Ni-covered Si (100) substrate at the
same substrate temperature of 400�C for different
predeposition durations of Ni-catalyst. As described
above, Ni layers melt at substrate temperature of
about 400�C. If no Ni-catalyst was deposited prior to
the CdS deposition, no nanoneedles grew, and just a
flat thin film composed of crystallites with fuzzy
appearance grew on the substrate after 30 min of
CdS deposition (Fig. 2b). When the Ni predeposition
lasted 5 min, still no nanoneedles grew on the sub-
strate, but rather a flat thin film composed of larger
crystallites with clear edges (Fig. 2c). On increasing
the duration of Ni predeposition to over 10 min,
straight CdS nanoneedles were observed to grow out
of the base thin film (Fig. 2d).

The crystallinity and growth orientations of the
as-grown CdS nanoneedles were determined by
SAED, HRTEM, and XRD (Figs. 3, 4). Both samples
corresponding to Figs. 3a and 4a were prepared at
400�C substrate temperature and with 10 min of Ni
predeposition, being composed of both base crystal-
lites and nanoneedles (Figs. 1c, 2d). The SAED and
HRTEM results demonstrate that the nanoneedles
grown at 400�C substrate temperature were hex-
agonal CdS crystals with growth orientation of
11�20
� �

and (0002) lattice spacing of 0.34 nm. The
XRD pattern shown in Fig. 4a also verifies the
hexagonal structure of the as-grown CdS films.12 As
the (002) peak of CdS is much higher than others
such as (103), (212), and (004) of CdS, it can be
inferred that the (002) peak of CdS belongs to both
the base CdS crystallites and the CdS nanoneedles,
while others can be attributed only to the as-grown
CdS nanoneedles. The reason for this can be
explained as follows: the quantity of base CdS
crystallites is much greater than that of the CdS
nanoneedles, and the base CdS crystallites have a
consistent growth orientation of 0002h i, which is
perpendicular to the substrate surface, while the
CdS nanoneedles are disorderly inclined to the
surface of the substrate, although their growth ori-
entations may be the same (Fig. 1c). To prove this
interpretation, the XRD pattern of a sample without
CdS nanoneedles but only base CdS crystallites
(Fig. 2c) was measured, as shown in Fig. 4c. The
sample corresponding to Fig. 4c was prepared at
400�C with 5 min of Ni predeposition, and the sub-
strate was partly covered prior to CdS deposition.
Therefore, CdS thin film only grew on part of the
substrate and the Si peaks can be found in its XRD
pattern. In Fig. 4c, excluding the (002) and (004)
peaks of cubic Si and two low and wide peaks of
amorphous SiO2, the only obvious peak is attributed
to (002) of hexagonal CdS, meaning that the growth
orientation of the as-deposited CdS thin film has
very good consistency. The two hardly distinguished
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(103) and (203) CdS peaks in Fig. 4c may come from
the interface or small nanoneedles covered by base
crystallites (described later when discussing the
growth modes of the CdS nanoneedles). The room-
temperature PL of the sample corresponding to
Fig. 1c shows an obvious emission peak at 513 nm,
which fits well with the bandgap of bulk CdS
(2.42 eV) and indicates that the as-grown CdS thin
film has good crystallinity and few defects (Fig. 5).24

To further understand the effects of substrate
temperature on CdS nanoneedle growth, the
crystallinity and orientations of CdS nanoneedles

prepared at 450�C substrate temperature and with
10 min of Ni predeposition were also determined by
SAED, HRTEM, and XRD (comparing with the
sample prepared at the 400�C substrate tempera-
ture). Figure 3b shows the TEM morphology of a CdS
nanoneedle taken from the sample of Fig. 1d. Its
SAED pattern and HRTEM image are shown in the
upper right and lower right insets to Fig. 3b,
respectively. The HRTEM image and SAED pattern
demonstrate that the CdS nanoneedle had good
hexagonal crystallinity with growth orientation of
10�10
� �

and (0002) lattice spacing of 0.34 nm. The

Fig. 1. FESEM images of CdS films grown on Si (100) substrates at different substrate temperatures of (a) 300�C, (b) 350�C, (c) 400�C, (d)
450�C, and (e) 500�C. The duration of Ni-catalyst predeposition was 10 min in all cases, and the laser pulse energy and frequency were 50 mJ
and 5 Hz, respectively.
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XRD results in Fig. 4b also verify the hexagonal
structure of the same as-grown CdS film. As dis-
cussed above, the highest peak (002) in Fig. 4b
belongs to both the base CdS crystallites and CdS
nanoneedles. Besides (103), (212), and (004) peaks of
hexagonal CdS appearing in Fig. 4a, there are more
peaks such as (100), (101), (102), (110), and (201) of
hexagonal CdS appearing in Fig. 4b. It is inferred
that the higher density and tip bending of the ran-
domly oriented nanoneedles in Fig. 1d led to the
appearance of more hexagonal CdS peaks in the XRD
pattern (their growth modes are discussed below).

To understand the mechanism of CdS nanoneedle
growth, a cross-section of the sample prepared at
400�C substrate temperature and with 10 min of Ni
predeposition was observed by FESEM. Figure 6
shows that CdS nanoneedles grew out of base CdS
crystallites and that some small cones were covered
by base crystallites at the bottom of the substrate.
This can be regarded as a vapor–solid (VS) growth
mode (as shown in Fig. 7a).25 When the feedstock
Cd and S atoms generated by laser ablation deposit
on the substrate, they form nuclei directly at loca-
tions without Ni-catalyst, or dissolve into molten Ni

Fig. 2. FESEM images of (a) only the Ni-catalyst layer deposited on bare Si (100) substrate, and (b–e) CdS films grown on Ni-covered Si (100)
substrates with different Ni-layer thicknesses. The duration of Ni-catalyst predeposition in (a–e) was 5 min, 0 min, 5 min, 15 min, and 15 min,
respectively. Substrate temperatures were (a) room temperature, (b–d) 400�C, and (e) 450�C.
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spheres if the substrate temperature is appropriate,
for example, 400�C. When the dissolution level in the
molten Ni spheres becomes supersaturated, the ini-
tial CdS sheets separate out onto the molten Ni
sphere surface. As more and more ablated Cd and S
atoms reach the molten Ni spheres, the separated
CdS material will crystallize, and the nuclei of CdS
nanoneedles emerging from the melted Ni spheres
will be formed. If the primary CdS nanoneedles are
high enough, they can grow out of the base crystallites
preferentially; otherwise they will be covered by the
growing base crystallites and will not grow further.

For higher substrate temperature, the growth of
CdS nanoneedles will follow a vapor–liquid–solid
(VLS) mode,17,26 which can help explain the tip
bending of the CdS nanoneedles grown at 450�C
substrate temperature (Figs. 1d, 2e). For the VLS
growth mode, the catalyst spheres are unstable due

Fig. 3. TEM images of CdS nanoneedles with their SAED patterns in
upper right insets and HRTEM images in lower right insets. Both
samples were prepared with 10 min of Ni predeposition and at
substrate temperature of (a) 400�C (corresponding to the sample in
Fig. 1c) and (b) 450�C (corresponding to the sample in Fig. 1d).

Fig. 4. XRD patterns of (a) uncovered sample prepared at substrate
temperature of 400�C and with 10 min of Ni predeposition, (b)
uncovered sample prepared at substrate temperature of 450�C and
with 10 min of Ni predeposition, and (c) partly covered sample pre-
pared at substrate temperature of 400�C and with 5 min of Ni pre-
deposition.
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to the higher substrate temperature, returning to the
substrate surface. The feedstock reaching the
unstable catalyst spheres will migrate to their
underside, and the initial nuclei of the CdS nano-
needles will emerge below the catalyst spheres. Then,
the catalyst spheres will remain on top of the growing
nanoneedles, leading to their growth in random
directions. Finally, the bent CdS nanoneedles result.
As the nanoneedles grow longer, the molten catalyst
spheres will solidify due to deficient thermal con-
ductivity to the substrate, and the nanoneedles will
suspend growth. Therefore, CdS nanoneedles grown
by VLS mode are usually shorter than those grown by
VS mode, as shown in Figs. 1 and 2. If the substrate
temperature is kept at 450�C and Ni predeposition is
prolonged for 15 min, small Ni spheres at the tops
of bent nanoneedles are more easily distinguished
because of the large quantity of Ni (as shown in
Fig. 2e). Figure 7b shows the growth mode for this
situation. During VLS growth, the laser-ablated

plumes with kinetic energy of several to tens of elec-
tron volts will act on the catalyst spheres, which may
be sputtered off or removed from the tops of the
nanoneedles. So, some nanoneedles become sharp due
to the removal of the catalyst spheres at the tops
(Fig. 1d). Figure 7c demonstrates this kind of growth,
in which the molten spheres are removed from the
tops of the growing nanoneedles. For lower or higher
substrate temperatures (for example, 300�C or
500�C), the catalyst layer will not melt, or molten
catalyst islands will be very unstable (strongly moving
and jumping), so that CdS nanoneedles will not grow.

CONCLUSIONS

CdS nanoneedles have been grown on Ni-coated
Si (100) substrates by the PLD method. The sub-
strate temperature and predeposited Ni-catalyst
layer thickness strongly affect the growth of the
CdS nanoneedles. If the substrate temperature is
kept at around 400�C, CdS nanoneedles with good
shape can grow out of the base CdS crystallites via
the VS mode. These CdS nanoneedles have average
middle diameter and length of 50 nm and 800 nm,

Fig. 5. Room-temperature PL spectrum of the sample (shown in
Fig. 1d) prepared at substrate temperature of 450�C and with 10 min
of Ni predeposition.

Fig. 6. FESEM image of a cross-section of a sample (as shown in
Fig. 1c) prepared at 400�C substrate temperature and with 10 min of
Ni predeposition.

Fig. 7. (a) VS growth mode and (b, c) two types of VLS growth mode
of CdS nanoneedles. (b) Ni spheres remain on top of growing CdS
nanoneedles. (c) Ni spheres do not remain on top of growing CdS
nanoneedles.
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respectively, and density of about 108 cm�2. When
the substrate temperature is set at 450�C, the bent
CdS nanoneedles are led by a Ni sphere, having
average middle diameter and length of 80 nm and
400 nm, respectively, and density of about 109 cm�2

and growing by the VLS mode. The CdS nanonee-
dles grown by both growth modes have perfect
hexagonal crystallinity, and the base CdS crystallite
layers also have hexagonal crystallinity and orien-
tation consistency. Such good crystallinity makes
the CdS nanoneedles a channel for electron trans-
port. The large specific surface areas of the CdS
nanoneedles will increase the interfaces of p–n
junctions to improve device efficiency and sensitiv-
ity. For hybrid solar cells, the large specific surface
area of the CdS nanoneedles will enhance the sep-
aration of nearby excitons to produce more electrons
and holes. Also, dense nanowires can increase the
absorption of photons when light travels in the film.
The good crystallinity and large specific surface
area of the CdS nanoneedles grown by PLD indicate
that they have potential for application in highly
efficient CdS-related LEDs, sensors, hybrid solar
cells, and other photoelectronic devices. In addition,
the dense base CdS crystallite layers of the pre-
pared samples can effectively isolate the functional
layers from the substrates, which is beneficial for
fabrication of CdS-based devices. The room-tem-
perature PL of the prepared samples shows an
obvious emission peak at 513 nm, corresponding to
the bandgap of 2.42 eV, being located near the
strongest band in the solar spectrum, revealing that
such as-grown CdS nanoneedles have potential for
application in hybrid solar cells.
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