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Abstract Cadmium sulfide (CdS) nanoparticles, mono-
pods and tripods nanostructures have been synthesized by
pulsed laser ablation in methanol at various laser fluences
without using surfactant. The effect of laser fluence on the
optical, structural, morphological, and electrical properties
of CdS nanoparticles were investigated by using UV-Vis
spectroscopy, X-ray diffraction (XRD), scanning electron
microscopy, atomic force microscopy, and Hall measure-
ment. XRD patterns show that synthesised CdS nanopar-
ticles are nanocrystalline and have hexagonal wurtzite
structure. The direct optical energy gap of CdS was found
to be within the range of (2.5-2.8) eV depending on the
laser fluence. The electrical investigation showed that the
synthesised CdS nanoparticles were n-type with mobility
increased with laser fluence.

1 Introduction

Semiconductor nanoparticles or quantum dots have recently
drawn attention due to their unique physical and chemical
properties. Cadmium sulfide (CdS) is a technologically
useful material due to its wide band gap of 2.42 eV which
makes it useful in wide range applications such as; light
emitting diodes, single electro and field effect transistors [1]
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photosensors [2] window materials [3], solar cells [4]. CdS
nanoparticles have been extensively investigated due to their
strong confinement effects which resulted in remarkable
variation in their optoelectronic properties with size [5]. This
point could be utilized to enhance the characteristics of CdS
nanoparticles used in optoelectronic devices. It has been
reported that preparation of colloids nanoparticles in aque-
ous and non aqueous media has good control over the size,
shape and size distribution through the selection of appro-
priate preparation conditions (controlling the nucleation and
growth of nanocrystals) [5-7]. Many techniques were
adopted to synthesis CdS nanoparticles e.g. wet chemical,
solvothermal, microwave irradiation, sol-gel, double-hy-
drophophilic block copolymers, chemical growth and laser
ablation in liquids [8—15]. Laser ablation of nanoparticles in
liquid has attracted great interest due to its simplicity, no
needs for surfactant and good control on size and shape of
synthesized nanoparticles [16]. In this technique, many
parameters can affect the characteristics of synthesised
nanoparticles such as laser fluence, laser wavelength, pulse
duration, and colloid solution type. Gong et al. have used Ti:
Sapphire femtosecond laser pulses to synthesize high sta-
bility colloids CdS nanoparticles in water with size ranging
from 2 to 8.6 nm [17]. In this study, we report the formation
of CdS nanoparticles by Nd:YAG laser ablation of CdS
target in methanol without using any surfactant. Besides; the
effect of laser fluence on the nanoparticles characteristics
was demonstrated and compared with reported results.

2 Experiment
Nd: YAG laser (type HUAFEI) operating at 1064 nm and

7 ns pulse duration was used together with 11 cm positive
lens to ablate 99.99 % purity, 1.5 cm diameter CdS pellet.
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containing 5 mL of absolute methanol without the addition ‘ | |

of any surface active substances. The ablation process was
performed at normal pressure and in open air with laser
energy of (100-500) mJ per pulse and 15 min ablation
time.The energy of laser pulse was measured using Joule
meter and calibrated to take into account the methanol
attenuation. The laser beam diameter on the surface CdS
pellet was measured by an optical microscope and found to
be 2.37 mm. X-ray diffractometer (XRD-6000, Shimadzu)
was used to investigate the structure and crystalinity of
nanoparticles. Scanning electron microscope SEM (T-scan
Vega III Czech) was employed to study the structure of
nanoparticles. Atomic force microscope AFM (AA 3000
scanning probe microscope) was employed to study the
morphology of nanoparticles. The absorption of the col-
loidal nanoparticles solution was measured by using UV—
Vis double beam spectrophotometer (CECIL, C. 7200,
France). Hall measurements were carried out using Ecoia,
HMS-3000 system (van der pauw configuration) to esti-
mate the conductivity and mobility of CdS.
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Fig. 4 XRD patterns of CdS nanoparticles formed at different laser
fluences

3 Results and discussion

The color of fresh suspension of CdS colloidal was found
to depend on the laser fluence. For CdSe NPs synthesised at
low laser fluence the color was light yellow, which changed
to dark yellow after increasing the laser fluence as shown in
Fig. 1. This could have resulted by the variation of CdS
particle size with ablation laser fluence [17].

Figure 2 displays the absorption spectra of CdS
nanoparticles prepared at various laser fluences (1.76, 2.12
and 2.52) J/cm?. Figure 2 also shows that the absorption
decreases from 300 to 500 nm with a remarkable peak at
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Fig. 5 SEM images of CdS nanoparticles prepared with different laser fluences a 1.76 J/em?, b 2.12 J/em? and ¢ 2.52 J/cm?. The inset showing

magnified images

470 m for CdS nanoparticles formed with 1.76 and 2.12 J/
cm? and at 500 nm for those prepared with 2.52 J/cm?. The
appearance of these peaks could be due to the quantum size
effect. The intensity and width of these plasmon peaks
were found to be laser fluence dependent. Sedimentation of
CdS after several days of ablation was observed; particu-
larly for those synthesised at high laser fluence and this
result agrees with that reported by Anikin et al. [16].

Based on absorption data, close to the fundamental
absorption edge, the value of absorption coefficient o can
be calculated from the following equation

1.1
=-In— 1
a=-lng (1)
where t is the thickness and T is the transmittance. The
energy gap E, of CdS nanoparticles was estimated using

Tauc’s relationship [18]

@ Springer



9856

J Mater Sci: Mater Electron (2015) 26:9853-9858

0.00

Fig. 6 3D AFM of CdS nanoparticles prepared at different laser
fluences a 1.76 J/em®, b 2.25 J/em®, ¢ 2.5 J/em®

ahv = A(hv — Eg)% (2)

where A is constant and hv is the photon energy. The
optical energy gap of CdS nanoparticles was determined
from the plot of (chv)? versus hv; where the intercept of the
straight line with the hv axis gives the band gap.The values
of direct optical energy gap were found to be (2.5, 2.73 and
2.8) eV corresponding to laser fluences of 2.52, 2.12 and
1.76 J/em?, respectively (see Fig. 3). These values are
larger than CdS nanoparticles prepared by copper laser

@ Springer

0.15

0.1

0.05

Current (mA)
o

o
=)
w

-0.1

-0.15
-1.5 -1 -0.5 0 0.5

Voltage (V)

=

15

Fig. 7 Room temperature I-V characteristics of Al/CdS nanoparti-
cles contact
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Fig. 8 Effect of laser fluence on the electrical conductivity of CdS
nanoparticles

ablation in ethanol and acetone [17]. The increase in the
value of energy gap of 0.4 eV (blue shift) for sample
prepared at 1.76 J/cm” comparing to bulk CdS energy gap
2.4 eV is due to quantum size effect [19]. The energy gap
of synthesised CdS nanoparticles decreased at high laser
fluence; suggesting the production of smaller CdS particles
at lower laser fluence [15, 17]. The XRD patterns given in
Fig. 4 confirmed that the synthesised product have pure
hexagonal CdS nanocrystals according to JCPDF card no.
77-2306. Diffraction planes of (100), (002), (101), (110)
and (103) corresponding to diffraction angles 20 = 25°,
26.5°, 28.4°, 44.3°, and 48.7°, respectively were observed
in the XRD pattern. The c/a ratio for all CdS nanoparticles
samples was found to be larger than 1.

The crystallite size (D) was calculated using the
Scherrer’s formula [20]

D =0.9%/Bcos 0 (3)
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where A is the x-ray wavelength of CuKa source
(0.154056 nm), O is the Bragg’s angle and f is the full
width at half maximum (FWHM) of the diffraction peak in
radians. The average hexagonal crystallite size was calcu-
lated. The values of D obtained from Scherrer’s formula
are 13, 18 and 40 nm for laser fluence of 1.76, 2.12 and
2.52 J/em?, respectively. Figure 5 shows SEM image of
multi-arm nanostructured CdS prepared at various laser
fluences. It is clearly seen that the morphology depends on
laser fluence. A mixture of spherical nanoparticles,
monopod rods, bipod rods, and tripod rods were observed
(denoted by arrows). For CdS nanoparticles synthesized
with 1.76 J/cm?, the average particle size was about 40 nm
and agglomerated particles were noticed; as shown in
Fig. 5a. When the laser fluence increased from 1.76 to
2.25 J/em?, the nanoparticles were converted into multi-
arm micro and nanostructures with arms of approximately
(2.8-5.5) pum in length and (80—400) nm in diameter
(Fig. 5¢). The formation of these structures pointing to
superior optical and electronic of nanostructured CdS [13].
Up to best of our knowledge, no such structures have been
reported for nanostructured CdS prepared by laser ablation
in liquid. The surface morphology of the synthesised CdS
nanoparticles was investigated by using AFM analysis.
Figure 6 shows 3D AFM image of CdS nanoparticles
prepared at different laser fluences. The surface of the
substrate is well covered with CdS nanoparticles; dis-
tributed uniformly on the surface. It is obvious from this
figure that the nanoparticles prepared at 1.76 J/cm® laser
fluence (Fig. 6a) have small ordered particles with semi-
spherical shape with the existence of some monopod rods.
The average particle size estimated with the aid of software
was about 75 nm. The value of particle size is higher than
that calculated from XRD analysis. This is because XRD
depends on the size-defect free volume, while AFM
directly visualizes the grain without taking into account the
degree of crystal defects [21].The formation of larger
particles can be attributed to aggregation of small particles
[22]. Higher laser fluence resulted in the formation of
elongated particles indicating the presence of multi-armed
structures (denoted by circle on image of Fig. 6¢). The root
mean square of surface roughness of CdS particles was 0.8,
1.35 and 1.5 nm for laser fluence of 1.76, 2.25 and 2.5 J/
cm?, respectively.

The room temperature dark -V characteristics of Al/
CdS nanoparticles layer contact prepared with 1.76 J/cm?
without any post annealing is given in Fig. 7. It clearly
shows an ohmic contact over the whole applied voltage
range. Hall effect measurements which were conducted for
CdS at room temperature,these measurements confirmed
the n-type conductivity of the synthesised CdS nanoparti-
cles. The increase of CdS conductivity with laser fluence

(Fig. 8) is ascribed to the decrease of sulphur to cadmium
ratio (formation of excess interstitial cadmium ion or sul-
phur vacancies-represented as donor) [23] and due to the
increase of Hall mobility. Hall measurement revealed that
the electron mobility of CdS increased from 5 to 28 cm?/
V.s as the laser fluences increased from 1.76 to 2.5 J/
cm?.This increment comes from the formation of large CdS
particles at higher laser fluence and this result is consistent
with SEM and XRD results and due to reduction of the
structural defects.

4 Conclusion

One step synthesis of multi-pod rods and nanoparticles CdS
was demonstrated and analysed by using nanosecond laser
ablation of CdS target in methanol without using any surfac-
tant. XRD and SEM investigations reveale that the nanopar-
ticles are single-phase hexagonal structure of CdS with
morphology and size controlled by laser fluence. Multi-armed
CdS structures bipod rods and tripod rods were formed at high
laser fluence. At laser fluence lower than 2.25 J/cm?, blue shift
was observed due to quantum size effect. Depending on laser
fluence, SEM observation confirmed the existence of highly
agglomerated 25-90 nm CdS particles.
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