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Abstract

Au nanoparticles—decorated CdS nanowires have been synthesized by laser ablation in liquid under the effect of intense light
pulses (IPL). An Nd:YAG laser with 3 J/cm?/pulse energy fluence of 7 ns pulses was combined with (2 J/cm?/pulse) energy
fluence of 3 ms intense light pulses and used to ablate Au target in colloidal CdS nanowires. The effect of IPL irradiation on
structural, morphological and optical properties of Au NPs—decorated CdS NWs was investigated. Results of optical proper-
ties showed an increased optical energy gap from 2.5 to 2.61 eV after combining IPL source with laser ablation pulses. The
photoluminescence emission peak of Au NPs—decorated CdS NWs was blue shifted from 473 to 462 nm with a significant
rise in the PL intensity, after using the IPL. The synthesized Au NPs—CdS NW hybrids exhibited high surface-enhanced
Raman scattering SERS after being irradiated with IPL. The IPL-assisted laser ablation improved structural characteristics
by increasing the photocurrent, reducing structural defects, minimizing the e~h recombination at the junction interface and
enhancing the figures of merit of the Au—decorated CdS/Si photodetector.

1 Introduction

Multicomponent nanomaterials have recently received a
great attention in many applications such as biosensors,
photovoltaic devices, Schottky detectors, lasers, solar cells,
memory devices, and light emitters, due to their superior
structural, optical, electrical, and magnetic properties
[1-3]. The ability to fabricate multicomponent materials in
nanoscale size opened new fields in fabricating multifunc-
tion materials of novel characteristics which could not be
obtained from their bulks [4]. Many forms of these materials
have been demonstrated as core—shell and nanocomposites.
The enhanced light absorption of semiconducting materials
and greater e-h pairs’ separation can be obtained by trapping
the photo-generated carriers in the metallic part. Core—shell
semiconductor—-noble metals also allow tailoring surface
plasmon resonance (SPR) by electron transfer for visible-
enhanced photodetectors [5]. Cadmium sulfide nanowires
have superior optical and electrical properties. They had
been used in photodetectors, light-emitting diodes, high-
rate photo-catalytic hydrogen production, solar cells, and
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optical switches. Cu, Ni, In, Mn, Ag, and Au were utilized
to decorate CdS nanowires, to obtain superior photo-activity
and long-term stability or to form core—shell structure with
improved responsivity in the visible region [6]. Au nanopar-
ticles (NPs) are found to be promising co-catalyst to improve
CdS photo-catalytic performance (electrochemical appli-
cations) [7]. The reported data revealed that the Au—CdS
hybrid gives many advantages over pure CdS nanowires
such as effective separation of photo-catalytic electrons and
holes, large surface area and higher carrier mobility [8, 9].
In addition to the electrochemical applications, Au—CdS
hybrid has been used as highly selective biosensor [10].
Self-assembly and solid sulfuration, and facile solvother-
mal and deposition are among many routes to prepare Au
nanoparticles—decorated CdS nanowires. Compared to these
routes, laser ablation of nanomaterials in liquid is efficient,
simple, cost effective, and no catalyst or vacuum is required.
In addition, it can achieve very pure nanosized materials
and good control on size and morphology of the synthe-
sized materials [11]. Laser fluence, wavelength, liquid type
and laser pulse duration can affect the size and morphology
of the synthesized CdS nanoparticles and nanowires [12].
Up to best of our knowledge, no research work has been
reported on decorating CdS nanowires with Au nanopar-
ticles using laser ablation in liquid. Herein, we report such
work with improved characteristics by combing the synthesis
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process with intense light pulses. The figures of merit of Au
NPs—decorated CdS NWs/Si photodetectors were investi-
gated with and without using IPL. Here, we have used IPL
during laser ablation process to control the morphology and
Au NP size which are considered very key parameters for
designing high-performance Au NPs—decorated CdS NWs/
Si photodetector.

2 Experiment

In previous publication, the route details adopted to syn-
thesize colloidal cadmium sulfide nanowires by 1064-nm
pulsed Nd: YAG laser ablation of Cd target in thiourea solu-
tion were presented [13]. The ablation solution was prepared
by mixing together 10 mM thiourea (CH4N,S); as a sul-
fur source, with 50% ethanol; to prevent CdO formation,
and (3.57 mM) cetyltri-methyl-ammonium bromide CTAB
[(C,¢H33)N(CH;);]Br as a surfactant. To synthesize Au
NPs—decorated CdS NWs, first a gold pellet was ablated in
colloidal CdS nanowires using 140 laser pulses from funda-
mental wavelength Nd:YAG laser, each with 3 J/cm? laser
fluence and 7 ns duration. 2 J/cm? energy fluence pulses of
3-ms duration were provided by Lab-assembled IPL system
to assist laser ablation. The IPL emission was synchronized
with the Q-switched Nd: YAG laser pulses by triggering the
laser with an optically attenuated IPL pulse. Figure 1a illus-
trates a schematic of forming Au NPs—decorated CdS NWs

Nd: YAG

(@

Au NPs-decorated CdS

<

CdS NWs
Au NPs

(b)

by laser ablation in liquid. The work necessitated the use of
CdS colloidal; synthesized by (3 J/cm?) laser energy fluence
and combined with (2 J/cm?/pulse) energy fluence from the
IPL system. The optical absorption of the Au—decorated CdS
NW colloidal solution was measured using UV—Vis double
beam spectrophotometer (Shimadzu, 00912901-S.Korea).
The structural properties were investigated using X-ray
diffractometer (XRD-6000, Shimadzu). Scanning electron
microscope SEM (FE-SEM; MIRA3 TESCAN, Razi Metal-
lurgical Research Center, Iran) equipped with energy-disper-
sive X-ray EDX was also employed to study structural and
chemical composition. Raman spectroscopic analysis was
conducted using Bruker Raman microscope. Fourier trans-
form infrared spectroscopy FT-IR measurement was carried
out using Shimadzu 8000 spectrometer. The shape and size
of the CdS and CdS—Au nanocrystals were researched using
transmission electron microscope TEM (CM10 pw6020,
Philips, Germany). Hall measurement was used to inves-
tigate the electrical resistivity and carrier mobility of Au
NPs—decorated CdS NW layer. To fabricate Au NPs—deco-
rated CdS N'Ws/Si photodetector with 5Qcm electrical resis-
tivity—polished (111) silicon substrate was used. Thin layer
of Au NPs—decorated CdS N'W hybrids was deposited on
silicon substrate by drop casting technique by employing a
special mask. After deposition, the substrate was heated at
70 °C under argon. Ohmic contacts were established on the
Au NPs—decorated CdS NW layer and silicon by depositing
indium and aluminum films using thermal resistive system.

Nd: YAG

—— CdS NWs

— Cd pellet

Au pellet

P« In-electrode
4—Au NPs-CdS NWs hybrids

< n-Si

<« Al-electrode

Fig.1 a Schematic diagram of a mechanism formation of Au NPs—CdS NW hybrids by two-step laser ablation in liquid and b cross-sectional

view of Au NPs—decorated CdS NWs/Si photodetector
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Figure (1b) displays the architecture of Au NPs—decorated
CdS NWs/Si photodetector.

3 Results and discussion

Figure 2 illustrates a freshly prepared colloidal CdS NWs
and colloidal Au NPs—decorated CdS NWs synthesized by
laser alone and by laser with IPL source. The CdS NWs have
bright yellow color which changed into yellowish brown
after being decorated with Au NPs; due to the formation of
nanocomposite structure.

(b)

Fig.2 a Colloidal CdS NWs, b Au NPs—decorated CdS NWs synthe-
sized by laser ablation and ¢ Au NPs—decorated CdS NWs synthe-
sized by laser ablation and IPL source

Fig.3 Absorption spectra of Au 0.8

Figure 3 displays the absorption spectra of colloidal Au
NPs—decorated CdS NWs prepared with and without IPL
source. As shown in the inset, the Au nanoparticles reveal
surface plasmon resonance SPR absorption peak around
546 nm. Due to SPR, the Au NPs were heated and melted
by the high-intensity laser pulses [14]. This facilitated the
deposition of Au NPs on CdS NWS and the production of
Au NPs—decorated CdS NW structure. The optical absorp-
tion of Au NPs—CdS NW hybrids exhibited broadened SPR
peak with a small blue shift indicating heterostructure for-
mation. This is ascribed to the high dielectric coefficient
and exciton—plasmon coupling of nanostructured CdS which
changed the SPR peak of the Au NPs [15-17]. Figure 3
also confirms a decreased optical absorption because of
the decreased particle size after combining IPL with laser
pulses. No significant shift in the SPR of Au NPs—CdS NW
hybrids was observed with this [PL-laser combination. The
optical absorption of Au NPs—CdS NW hybrids synthe-
sized with and without IPL decreased with the wavelength
in the same manner. The optical energy band gap of the Au
NPs—CdS NW hybrids was estimated by extrapolating the
linear part of (ahv)? versus photon energy plot to (ahv)? =
0 points as shown in Fig. 4.

It is found that the optical energy gap increased from 2.5
to 2.62 eV (blue shift) because of the decreased particle size
after combining the IPL pulses with the laser. In Fig. 5, the
PL emission spectra of Au NPs—decorated CdS NWs show
a weak broad PL emission peak centered at 473 nm corre-
sponding to 2.62 eV which originates from e-h recombina-
tion. The intensity of this broad peak is much stronger than
that of Au NPs—decorated CdS NWs synthesized without
using IPL. This can be ascribed to the decreased agglomera-
tion of Au NPs and CdS NWs. In addition, 10-nm blue shift
was seen after using IPL due to the decreased dimensions
of the Au NPs and CdS NWs. The PL results are in good
agreement with the results of UV—Vis.

NPs—CdS NW hybrids. Inset
is the optical absorption of Au
NPs
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Fig.5 Room temperature PL emission spectra of Au NPs-CdS NWs

Figure 6 illustrates the XRD patterns of Au NPs—CdS
NW hybrids with and without using IPL. Five reflection
peaks were observed. The peaks at 38.2° and 44.5°, corre-
sponding to (111) and (200) reflection planes, are related to
cubic Au NPs with face-centered cubic structure according
to JCPDS # 00-04-0784. This result indicates well crystal-
lization of Au NPs and good adhering on the CdS NWs
which confirm the formation of Au NPs—CdS NW hybrid
structure [18].

The reflection peaks at 26.5°, 28.7° and 43.75°; corre-
sponding to (101), (102) and (110) belong to the hexagonal
CdS NWs according to JCPDS # 00-041-1049. New peak at
24.8°, corresponding to (002) reflection plan, is related to
hexagonal CdS appearing after combining IPL with laser,
which indicates a growth of CdS NWs perpendicular to the
c-axis. It suggests that the IPL pulses helped the formation
of highly oriented and better crystallinity CdS NWs along
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Fig.6 XRD patterns of Au NPs—decorated CdS NWs
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Fig.7 FT-IR spectra of Au NPs—CdS NW hybrids

the c-axis direction by providing an external electromagnetic
field to the synthesized CdS NWs. Small shift in the (101)
reflection plane was observed after combining IPL with
laser due to small off-stoichiometry CdS NWs. No reflec-
tion peaks related to AuCd or Au,S phases were noticed
in the XRD patterns with or without IPL; indicating the
formation of only Au NPs—decorated CdS NW structure
[18]. The FT-IR transmission spectra of the Au NPs—deco-
rated CdS NWs in the (400-4000) cm™ ! range are depicted
in Fig. 7. All spectra illustrate almost the same chemical
bonds; hence, they show very strong absorption broad band
at (3150-3500) cm™ ! belonging to O—H stretching vibration
of water molecules. In addition, there is a strong absorp-
tion peak at 1635 cm™ 1. indexed to the bending vibration of
water molecules [19].

There is also a strong absorption band at (525-700) cm™!
can be assigned to CdS stretching vibration [20]. The weak
broad peak at (2000-2400) cm™! indicates the presence
of C=C stretching band. No significant intensity variation
of the full width absorption peaks at half maximum was
noticed after combining the IPL source. The strong peak at
980 cm™ ! and the weak peak at 722 cm™ ' are ascribed to the
presence of bending vibration of CdS [21]. C-O stretching
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Fig. 8 Raman spectra of CdS NWs and Au NPs—decorated CdS NWs

vibration was identified at 1200 cm™! and the strong peak at
1264 cm™ ' can be indexed to the C(0)-O stretching vibra-
tions. The FT-IR spectrum of Au NPs—CdS NW hybrids
suggests strong-intensity absorption bands with small shift
towards the small wavenumber. Raman Au NPs—CdS NW
hybrid spectra in Fig. 8 reveal two main peaks at 300 cm™!
and 600 cm™! corresponding to first-order (1LO) and sec-
ond-order (2LO) CdS longitudinal optical phonon modes,
respectively. These two modes couple to excitons along
the CdS crystal axis. Other Raman modes are attributed to
multi-phonon responses relating transverse and longitudinal
acoustic phonons [22].

Without Au decoration, weak fundamental and harmonic
Raman peaks originate from CdS NWs. The Raman inten-
sity has increased after Au NP decoration due to surface-
enhanced Raman scattering (SERS). Increasing the SERS
activity, after Au NP decoration, is attributed to the exist-
ence of large densities of nanowires and nanoparticles which
helped supplying large numbers of localized surface plas-
mons (LSPs) [23]. Figure 8 also confirms Raman intensity
enhancement after combining IPL with laser ablation due
to the enhancement of local electric field near the non-
aggregated Au NPs [24]. The EDX spectra of Au—deco-
rated CdS NW structures synthesized by laser alone and
by combining IPL source with the laser are given in Fig. 9.
The EDX analysis confirmed the existence of Cd, S, and Au
elements in addition to O and Si, originated from the glass
substrate. This result confirms the creation of Au NPs—CdS
NW hybrids. The Au weight percentage increased and the
[Cd])/[S] ratio changed slightly after using IPL.

TEM imaging was employed to get detailed insight of
the morphology and microstructure of the Au NPs—CdS.
Figure 10 shows a TEM image of Au NPs—CdS NW hybrids,
in which some 15-nm-average-sized Au NPs are adhered on
the surface of CdS NWs. The TEM image confirms the for-
mation of few-micron-long mono-dispersed CdS NWs with
an average diameter of 35 nm. This figure also shows some
aggregated gold nanoparticles dispersed on the CdS NWs.
Production of Au nanoparticles with different sizes arises
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Fig.9 EDS spectra of Au—CdS core—shell synthesized by a laser and
b laser and IPL

from the Gaussian distribution of laser beam [25]. Aggre-
gation and agglomeration of Au NPs were decreased after
combining the IPL with laser as shown in Fig. 10b. In fact
uniform distribution of Au NPs on the surface of the CdS
NWs is seen. The IPL pulses helped increasing the surface
coverage area of Au NPs on the CdS NWs, and also helped
improving the electrostatic attraction between Au NPs and
CdS NWs. Figure 11 illustrates the effect of IPL on dark
current—voltage (I-V) characteristics of Au NPs—CdS NWs/
Si heterojunction at room temperature.

The forward current increases exponentially with bias
voltage, and the reverse current did not depend on voltage.
The use of IPL has reduced the electrical resistivity of the
Au NPs—decorated CdS NW layer arises from increasing
the CdS nanowire length, which in turn, increased the for-
ward current. Hall measurement revealed that the electrical
resistivity of Au NPs—decorated CdS NW layer decreased
from 6.81x10% to 2.5x 10°> Q cm and the carrier mobility
increased from 173 to 375 cm?V~!s~! after using IPL. In
addition, the rectification characteristics of the heterojunc-
tion were enhanced and, therefore, the rectification factor
increased from 35 to 56 at 5 V. To evaluate the junction char-
acteristics, the ideality factor was calculated from forward
characteristics and found to be 3.3 and 2.7 with and with-
out using IPL. The value of ideality factor of Au NPs—CdS
NWs/Si heterojunctions with and without IPL was smaller
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Fig. 10 TEM micrographs of a
Au NPs—decorated CdS NWs
synthesized by a laser only, and
laser and IPL (b)
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Fig. 11 Dark I-V characteristics of Au NPs—CdS NWs/Si heterojunc-
tion photodetector

than that of CdS/Si heterojunctions prepared by laser abla-
tion in liquid and by chemical bath deposition [13, 26] due
to decreasing the surface state defects and trapping centers
thorough the presence of Au nanoparticles which act as car-
rier traps.

This improvement in junction characteristics can be
attributed to the reduction in the structural defects and the
recombination process at the junction interface. The illu-
minated [-V characteristics of heterojunction photodetec-
tors is given in Fig. 12. The on/off ratios of Au NPs—CdS
NWs/Si heterojunctions prepared with and without IPL
were 468 and 343 at 5V, respectively. These values are
larger than those of CdS NWs/Si heterojunctions pre-
pared by successive ionic layer adsorption [27]. Figure 12
confirms that the photocurrent was increased by factor of
1.47 at 5V after combining IPL with the laser. Increas-
ing the photocurrent arises from absorption of the large
amount of visible light and the presence of large elec-
tric field that prevents e—h pair recombination. Figure 13
shows the responsivity as a function of wavelength of the
Au NPs—CdS NW/Si heterojunction photodetector with
and without using IPL. For Au NPs—decorated CdS NWs/
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Fig. 13 Effect of IPL on the responsivity of Au NPs—CdS NWs/Si
hybrid photodetector

Si photodetector synthesized without IPL, three response
peaks were found at 460 nm, 580 nm, and 880 nm with
responsivity of 0.27 A/W, 0.2 A/W, and 0.23 A/W, respec-
tively. The first and second peaks are due to the absorption
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Fig. 14 Energy band diagram of Au NPs—CdS NW hybrids

edge of CdS and Au—CdS hybrids and the third peak
belongs to the absorption edge of the silicon substrate.

The responsivity at the visible region is higher than that
of CdS/Si heterojunction due to electron transfer from local-
ized surface plasmon LSP level in Au NPs to the conduc-
tion band of Cd NWs (see Fig. 14). As a result, more free
electrons have transferred which increased the photocurrent
[28]. The decoration of Au NPs on the CdS acts as carrier
traps to reduce the e—h recombination process [29]. Elec-
trons trapped by donor-like level (defect level) have also
been transferred to conduction band of CdS NWs and further
enhanced the photocurrent. After using IPL, the response
peaks were noticed at 460 nm, 700 nm, and 820 nm with
spectral responsivity of 0.27 A/W, 0.12 A/W, and 0.24 A/W,
respectively. The reported data showed that the CdS/Si NW
heterojunction photodetector grown by pulsed laser depo-
sition technique has three peaks of response at 469 nm,
700 nm and 953 nm [30]. Figure 13 indicates that the IPL
helped the photodetector to respond better for the 410-630-
nm region.

4 Conclusion

We have successfully synthesized crystalline Au NPs—CdS
NW hybrids by two-step laser ablation in liquid. The effect
of IPL on optical and structural properties of Au NPs—dec-
orated CdS NWs was demonstrated. XRD data revealed
crystalline hexagonal Au NPs—decorated CdS NWs.
Combining IPL with laser ablation allowed a significant
enhancement in Raman peak intensity after decorating the
CdS NWs with Au NPs due to surface-enhanced Raman
scattering (SERS). Strong fundamental Raman peaks,
suited at 300 cm™! (1LO), and weak overtone one, located
at around 600 cm™! (2LO), were seen. EDX analysis con-
firmed the existence of Cd, S, and Au elements. The TEM
observation confirmed the formation of Au—decorated
CdS NW structure with 15-nm-average-sized Au NPs and
35 nm average diameter of CdS NWs. The decoration (dis-
tribution and adherence) of Au NPs on the CdS NWs has
enhanced the photodetector photosensitivity when using

IPL through the reduction of the recombination rate and
the increase of the carrier collection efficiency. The on/off
ratios of Au NPs—CdS NWs/Si heterojunction prepared
with and without IPL were 468 and 343 at 5V, respectively.
Using IPL, the figures of merit of Au NPs—CdS NWs/
Si photodetector were improved with good wavelength
response selectivity. The Au NPs—CdS NWs/Si hybrid
photodetector exhibited three peaks of response located
at 460 nm, 700 nm, and 820 nm. To best of our knowledge,
this is the first study in which IPL source is combined with
the laser to manufacture CdS NW photodetectors with bet-
ter characteristics. The additional advantages can push the
performance of the CdS photodetectors higher in terms of
photosensitivity and figures of merit.
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