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ght annealing of CdS and Au-
decorated CdS nanoparticles for high-
performance, self-powered silicon-based
heterojunction photodetectors

Hadeel F. Abbas,a Raid A. Ismail, *a Walid K. Hamoudib and Mayyadah H. Mohsina

The enhancement of visible light responsivity in nanostructured heterojunction silicon photodetectors has

attracted significant research interest. In this work, intense pulsed light (IPL) annealing was employed to

improve the performance of CdS/Si and Au-decorated CdS/Si photodetectors fabricated via laser

ablation. X-ray diffraction (XRD) confirms a substantial improvement in crystallinity of both CdS and Au-

decorated CdS after IPL annealing. The particle size of the CdS increased from 78 to 100 nm and from

10 to 15 nm for Au-decorated CdS after annealing. The mobility of the CdS and Au-decorated CdS

increases after annealing. The optical energy gap of CdS increases from 2.55 to 2.68 eV after annealing.

Photoluminescence studies of CdS nanoparticles after annealing show the presence of an intense single

peak at 450 nm. Structural and optical analyses reveal that IPL annealing reduced defects and enlarged

the depletion layer width, giving a twofold responsivity increase from 0.19 to 0.36 A W−1 at 520 nm for

CdS/Si and 0.23 to 0.42 A W−1 at 460 nm for Au-decorated CdS/Si. The obtained results indicated that

IPL annealing was rapid and optimized heterojunction photodetectors. The energy band diagram of Au-

decorated CdS/Si after annealing was constructed under illumination. The effect of aging time on the

performance of the fabricated photodetectors was investigated.
1. Introduction

Cadmium sulde (CdS) is one of the most important semi-
conductors due to its attractive optical and electrical properties
that facilitate its widespread use in many technological and
industrial applications. Crystalline CdS is an n-type semi-
conductor with an energy gap ranging between 2.42 and 2.45 eV
at room temperature. CdS nanoparticles drew signicant
attention due to their excellent physical and chemical proper-
ties.1 They were used as photocatalysts, solar cells, hetero-
junction photodetectors, light-emitting diodes, bio-imaging,
gas sensors, switching memory, etc.2–5 Noble metal–semi-
conductor core–shell (C–S) nanoparticles are attractive too due
to their distinctive electrical properties, optical absorption, high
wavelength selectivity, stability, chemical resistance, and large
surface area.6,7

The size and morphology of the CdS nanoparticles can
manipulate their optical and electrical properties.8 CdS can be
found in different morphologies, such as nanoparticles, nano-
wires, nanorods, nanotubes, nanosheets, nanobelts and
nanoowers.9–11 Various preparation methods have been used
to synthesize CdS nanomaterials; among them are: chemical
chnology, Baghdad, Iraq

l: raidismail@yahoo.com

the Royal Society of Chemistry
vapor deposition CVD, hydrothermal, solvothermal, liquid
exfoliation, template-assisted growth,12 electrodeposition, and
laser ablation in liquid (LAL).9,12–14 The latter offers many
advantages as a route for producing nanomaterials, such as
simplicity, eco-friendliness, a one-step process, low-cost, nearly
stoichiometric, fair size control, no need for vacuum or a cata-
lyst, synthesizing metal oxides, and producing pure nano-
materials.2 A CdS-based silicon heterojunction photodetector
prepared by laser ablation in liquid has drawn signicant
interest due to its superior optoelectronic properties compared
to those fabricated by other techniques.15,16

Synthesis-based core/shell structure was found to be prom-
ising and attractive during the improvement of the optical and
electrical properties of the CdS nanoparticles. The shell can play
an important role in the reduction of the non-radiative recom-
bination by passivating defects levels at the CdS surface and it
can improve the photoluminescence properties of the CdS.
Furthermore, this shell can act as a source to passivate the
surface traps, prevent oxidation, and enhance chemical stability
of the core CdS nanoparticles.17

For heterojunction photodetectors, the core/shell
morphology results in tuning of the band alignment of the
two semiconducting materials. This consequently enhances the
photogenerated carrier's separation and transport. Many core/
RSC Adv., 2025, 15, 22989–23002 | 22989
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View Article Online
shell structure-based CdS nanoparticles have been reported
such as TiO2/CdS, ZnO/CdS, CdS/PbS, etc.18–20

Intense pulse light IPL annealing is a promising, rapid
surface treatment technique to enhance the performance of
semiconducting lms and devices by reducing structural
defects and mechanical stresses. As compared to conventional
heat treatment methods, IPL annealing is cost-effective, enables
short-time annealing, provides high selectivity for surface
treatment, requires low thermal budget, allows large-area pro-
cessing, and minimizes dopant diffusion.21

Herein, we report on the improvement of photoresponse
properties of CdS NPs/Si and Au-decorated CdS/Si core–shell
photodetectors synthesized by low-cost laser ablation in liquid
and spin coating by rapid annealing using the intense pulse
light technique.
2. Experimental procedure

Every chemical utilized in this experiment was reagent grade
and did not require any additional purication. High-purity Cd
pellets (99.99%) placed in glass vessels lled with thiourea
solution were laser-ablated to create CdS nanoparticles using
Fig. 1 (a) Schematic diagram of preparation of CdS NPs and Au-decor
decorated CdS/Si photodetectors.

22990 | RSC Adv., 2025, 15, 22989–23002
a Q-switched Nd:YAG laser set to 1064 nm wavelength and 7 ns
pulse duration. The laser beam was focused onto the Cd pellet
using a 12 cm converging lens. The ablation solution was
prepared by mixing 10 mM thiourea (CH4N2S) as a sulfur source
with 50% ethanol (used here to prevent CdO formation) and
3.57 mM cetyltrimethylammonium bromide CTAB [(C16H33)
N(CH3)3]Br as a surfactant. Laser ablation was performed using
200 shots at a uence of 3 J cm−2, as shown in Fig. 1a. The
ablation time was 15 minutes. The laser spot diameter on the
Cd target was 500 mm, as determined by an optical microscope,
and the solution level was set at 2 mm above the Cd pellet. To
synthesize Au-decorated CdS, a gold pellet (shell) was ablated in
colloidal CdS NPs (core) using 140 laser pulses from the
fundamental wavelength (l = 1064 nm) Nd:YAG laser by using
4.5 J cm−2 laser uence and 7 ns duration, as shown in Fig. 1b.
The structural properties of CdS and Au-decorated CdS nano-
particles were examined using X-ray diffractometer (XRD-6000,
Shimadzu). The morphology and particle size of the product
were investigated using scanning electron microscope SEM (FE-
SEM; MIRA3 TESCAN) and transmission electron microscope
TEM (CM10 pw6020). The vibration modes of the nanoparticles
were determined using Raman spectroscopy (Bruker Raman
ated CdS and (b) experimental steps of fabrication of CdS/Si and Au-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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microscope). The infrared absorption of the colloidal nano-
particles was measured using Fourier transformed infrared FT-
IR (Shimadzu 8000 spectrometer). The optical absorption of the
CdS and Au-decorated CdS nanoparticles were investigated
using UV-vis spectrophotometer (Shimadzu, 00912901-S). The
electrical resistivity and mobility of the nanoparticles were
measured using Hall effect. The spin coating was employed to
deposit the CdS and Au-decorated CdS lms on cleaned glass
and 500 mm-thick n-type (111) mirror-like single-crystalline
silicon substrates having electrical resistivity of 3–5 U cm. To
carry out the annealing process, 100 light pulses at 2 J cm−2

uence and 3 ms duration of a laboratory-assembled intense
pulse light (IPL) system were used to anneal the CdS and Au-
decorated CdS lms.

Ohmic contacts were made by evaporating a thick aluminum
lm on the backside of the silicon and an indium lm on the
CdS and Au@CdS lms through a mask, as shown in Fig. 1b.
Current–voltage characteristics under dark conditions were
measured using a digital DC power source and an electrometer.
Capacitance–voltage characteristics at reverse bias were
measured using an LCR meter at a frequency of 200 kHz. An
assessment photodetector system, which includes a Jobin Yvon
monochromator, halogen lamp, beam splitter, converging lens,
silicon power meter (Sanwa), and electrometer, was used to
measure the photodetectors' responsivity.

3. Results and discussion

Fig. 2 shows the XRD patterns of CdS NPs and Au-decorated CdS
lms deposited on glass substrates before and aer IPL
annealing. Before annealing, the XRD pattern of Fig. 2a shows
the presence of a single peak located at 2q = 43.6°, corre-
sponding to the (110) plane. Aer annealing, the XRD pattern
exhibits the formation of two extra peaks positioned at 2q =

25.5° and 26.5°, corresponding to (002) and (101) planes,
respectively.22 These new peaks belong to the crystalline
hexagonal CdS, according to JCPDs # 41-1049.23 This nding has
resulted because of the structural defects recovery and is
Fig. 2 (a) X-ray diffraction of CdS film before and after annealing and (b)

© 2025 The Author(s). Published by the Royal Society of Chemistry
attributed to the crystallinity improvement of the lms aer
annealing. A brief round of annealing has given the grains the
thermal energy they need to shi and redistribute into a more
ordered structure. Despite that, the concentrated residual
stresses accompanying the laser ablation may decrease aer the
IPL annealing. The crystallite size of CdS, calculated from the
Scherrer equation, increased from 79 nm to 90 nm aer
annealing. Fig. 2b shows. The XRD pattern of Au-decorated CdS
before and aer IPL. Before IPL annealing, the XRD of Au-
decorated CdS lm exhibits four peaks, two of which are
related to hexagonal CdS, and the other two are located at 2q =

38° and 44.4°, corresponding to (111) and (200) planes,
respectively, which belong to the Au shell.24 Aer IPL annealing,
the intensity of the XRD peaks increased slightly while their full
width at half maximum decreased because of the reduction of
defects and strain. The average nanoparticle size increased
from 67 to 120 nm aer annealing, which is consistent with the
XRD results. A few larger CdS particles were also observed aer
annealing. Similar outcomes were obtained for Au-decorated
CdS, as shown in Fig. 3c and d, where the SEM image prior to
annealing showed spherical nanoparticles and a small number
of nanowires. The average particle size of the Au-decorated CdS
increased from 78 to 100 nm aer annealing. Fig. 3e–g show the
TEM images of Au-decorated CdS, which conrm the formation
of core–shell morphology, where the black regions refer to the
CdS and the gray ones refer to the Au decoration.

Compared to conventional furnace annealing, IPL annealing
has offered rapid, high-intensity, and localized heating within
milliseconds. This has enabled effective sintering and grain
growth while minimizing thermal damage to the substrate and
reducing the overall processing time and energy consumption.
The SEM images of CdS nanoparticles before annealing (Fig. 3a
and b) reveal well-dispersed, nearly spherical particles with
narrow size distribution. Aer annealing, an increased particle
size and partial coalescence were seen as a result of particle
mobility and fusion driven by localized heating, as shown in
(Fig. 3c & d). This has led to results with less distinct boundaries
X-ray diffraction of Au-decorated CdS film before and after annealing.

RSC Adv., 2025, 15, 22989–23002 | 22991
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Fig. 3 (a–d) SEM images of CdS and Au-decorated CdS before and after IPL annealing, (e–g) TEM images of Au-decorated CdS nanoparticles,
and (h and i) particle size distribution histograms.

Fig. 4 (a) UV-vis absorption spectra of CdS films before and after annealing, (b) (ahn)2 versus photon energy plot of CdS, (c) UV-vis absorption
spectra of Au-decorated CdS films before and after annealing, and (d) (ahn) 2 against photon energy plot of Au-decorated CdS.

22992 | RSC Adv., 2025, 15, 22989–23002 © 2025 The Author(s). Published by the Royal Society of Chemistry
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and some clustering. The improved particle connectivity and
increased grain size are expected to reduce grain boundary
defects and enhance charge transport properties, which are
needed in optoelectronics applications such as photovoltaic
devices and sensors.25

The average size of Au-decorated CdS increased from 10 to
15 nm aer annealing, and no effect of the annealing was
observed on morphology (Fig. 3e & f). This size increase is
attributed to the sintering that occurs during annealing, where
particles undergo coalescence or growth mechanisms. The
formation of nanowires in Au-decorated CdS is due to the
strongly conned plasma generated by the surrounding liquid
during laser ablation9 and shown in the TEM image of Fig. 3f.
This has promoted anisotropic (1D) growth and changed the
cooling dynamics. Instead of isotropic nanoparticles, such
connement may encourage atoms to bind orientedly to
produce nanowires.22 The particle size distribution (Fig. 3h & k)
of Au-decorated CdS aer annealing was found to be wider than
before annealing, suggesting potential sintering effects.

Fig. 4a shows the UV-vis a decreasing absorption of CdS lm
with increasing wavelength and tends to saturate at l= 495 nm,
corresponding to the absorption edge of CdS. This decrease is
Fig. 5 (a) PL spectra of CdS NPs before and after annealing, (b) PL spec
annealing, and (d) FT-IR spectrum of Au-decorated CdS before and afte

© 2025 The Author(s). Published by the Royal Society of Chemistry
due to the nanoparticles' agglomeration reduction. Contrarily,
the particle size has increased and led to a reduction of light
scattering.26 The optical energy gap of CdS before and aer
annealing was determined by plotting the variation of (ahn)2

with photon energy (hn), as shown in Fig. 4b. The extrapolation
of the linear part on the photon energy axis provided the optical
energy gaps, which were 2.55 eV before annealing and became
2.68 eV aer annealing. This increase of the energy gap is
attributed to the improved lm crystallinity, which was induced
by a decrease in the structural defects as well as by the
enhancement of lm stoichiometry.27 CdS lm with a high
oxygen or sulfur content exhibited a lower energy gap. The UV-
vis absorption plots of Au-decorated CdS lms before and aer
annealing are shown in Fig. 4c. The optical absorption
decreased as the wavelength increased, and a small absorption
peak was observed at 525 nm.

The peak, which shows electron oscillation in the Au shell
NPs, may have been caused by the Au NPs' surface plasmon
resonance (SPR) effect. This is thought to be the key reason for
enhancing the responsivity of the Au-decorated CdS/Si photo-
detector at this specic wavelength. Similarly, the optical energy
gap of Au-decorated CdS was determined from Fig. 4d and
tra of Au-decorated CdS, (c) FT-IR spectrum of CdS before and after
r annealing.

RSC Adv., 2025, 15, 22989–23002 | 22993
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found to be 2.46 and 2.65 eV, respectively, before and aer
annealing. The energy gap of CdS NPs was found to be larger
than the Au-decorated CdS where the formation of a shell by Au
around CdS NPs leads to an electronic interaction and plas-
monic coupling, which reduces the CdS energy gap. The charge
transfer from the Au shell to CdS, as well as the damping of
quantum connement (due to the metallic environment), can
play strong roles in reducing the energy gap of CdS when it is
covered with an Au shell.28,29

The photoluminescence emission (PL) spectra of CdS and
Au-decorated CdS before and aer IPL annealing are shown in
Fig. 5a and b. Band-to-band recombination is represented by
a tiny emission peak at 460 nm (2.69 eV) in the PL spectra prior
to annealing.30 Aer IPL annealing, the intensity of the PL peak
increased remarkably, as shown in Fig. 5a. This is due to the
passivation of the surface trap states and to the formation of
Fig. 6 (a) Dark I–V characteristics of CdS/Si heterojunction before and
heterojunction before and after annealing, (c) I–V characteristics of CdS
teristics of Au-decorated CdS/Si under illumination before and after ann

22994 | RSC Adv., 2025, 15, 22989–23002
dangling bonds during laser ablation aer facilitating oxygen
atoms' interaction with the CdS NPs and Au shell surfaces. This
in turn reduced the non-radiative recombination NRR and
increased the radiative recombination, giving stronger PL
intensity.28,31

Fig. 5(c & d) shows the FT-IR spectra of CdS NPs and Au-
decorated CdS structures before and aer IPL annealing. Key
absorption peaks are observed in the range 600–680 cm−1,
corresponding to Cd–S stretching vibrations from the CdS
lattice. The peak at ∼650 cm−1 (Cd–S) shis to ∼665 cm−1 aer
IPL annealing, indicating enhanced crystallinity as a result of
reduced lattice strain and defect passivation.32 The broad peak
at ∼3400 cm−1 (O–H stretching) and the shoulder at
∼1600 cm−1 (H–O–H bending) conrm adsorbed water on the
NPs' surface. Aer annealing, these peaks weakened signi-
cantly, suggesting desorption of surface moisture due to IPL-
after annealing, (b) dark I–V characteristics of Au-decorated CdS/Si
/Si under illumination before and after annealing, and (d) I–V charac-
ealing.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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induced heating. Peaks at 1100 cm−1 (C–O) and 1300 cm−1 (C–
C), attributed to residual thiourea from synthesis,32 diminished/
vanished post-annealing, conrming thermal decomposition of
the organic residues. The shi in Cd–S vibration (650 /

665 cm−1) and the reduction in FWHM (full width at half
maximum) of this peak reect improved atomic ordering,
consistent with XRD results (Fig. 2). Au-decorated CdS showed
a similar peak sharpening but a smaller shi (648/ 658 cm−1),
most likely because Au stabilizes the CdS lattice.33 These
changes correlate with the enhanced photodetector perfor-
mance (Fig. 6), as the reduced surface defects have suppressed
charge recombination. To better contextualize our results,
Table 1 compares the structural, optical, and electronic char-
acteristics of Au-decorated CdS nanostructures reported in the
literature with those obtained in this work.

All of the CdS and Au-decorated CdS samples displayed
n-type conductivity, according to Hall measurements. Aer
annealing, the CdS layer's electrical resistivity dropped from
1.763 × 105 to 1.1 × 105 U cm. This is due to the drop in
structural defects and the improved CdS lm stoichiometry, as
well as the enhanced carrier mobility aer annealing, as shown
in Table 2. The electrical resistivity of Au-decorated CdS
samples showed a decrease while their mobility increased aer
annealing.32 These behaviors could be explained as follows:
when the IPL light was absorbed by the Au shell, it exhibited
localized plasmonic resonance (LPR), which increased the
carrier density in the CdS conduction band and reduced the
carriers' recombination. Furthermore, it's possible that the
annealing reduced the aggregation of Au nanoparticles, which
could have served as recombination sites.33,37

The current–voltage characteristics of CdS/Si and Au-
decorated CdS/Si heterojunction photodetectors under dark
and illumination at room temperature are depicted in Fig. 6.
The I–V characteristics in the voltage range −5 to +5 V before
and aer annealing showed a rectifying behavior. The forward
current of the CdS/Si heterojunction increased exponentially
with bias voltage, which reects the domination of diffusion
current over the recombination current at bias voltage >3 V.38,39

This forward current increased aer annealing due to the
decreased structural defects and surface states, as well as the
nanoparticle agglomeration (Fig. 6a).40–42

The Au-decorated CdS/Si heterojunction forward current
also rose exponentially with bias voltage, conrming the current
transport mechanism's compliance with the basic diode equa-
tion (Fig. 6b). The forward current of Au-decorated CdS/Si het-
erojunction is larger than the CdS/Si due to the presence of the
Au shell, which decreased the electrical resistivity of the CdS
core.43

The ideality factor (n) of the heterojunction was calculated
using the following equation:

n ¼ q

KT

DV

ln
DI

Is

(1)

where; q is the electron charge, K is the Boltzmann coefficient,
(T) is the operating temperature, and (Is) is the saturation
current. As shown in Table 3, the ideality factor of CdS/Si
© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 22989–23002 | 22995
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Table 2 Electrical resistivity and mobility of CdS/Si and Au-decorated CdS layers before and after annealing

Sample Condition Resistivity (U cm) Mobility (cm3 V−1 s−1)

CdS Before annealing 1.763 × 105 141.54
Aer annealing 1.1 × 105 144.56

Au-decorated CdS Before annealing 2.599 × 104 1.158 × 102

Aer annealing 1.918 × 104 1.718 × 103

Table 3 Ideality factor of CdS/Si and Au-decorated CdS/Si hetero-
junctions before and after IPL annealing

Condition Photodetector type Ideality factor

Before IPL annealing CdS/Si 2.89
Aer IPL annealing CdS/Si 2
Before IPL annealing Au-decorated CdS/Si 1.9
Aer IPL annealing Au-decorated CdS/Si 1.83

Fig. 7 Illuminated energy band bending of Au-decorated CdS
Schottky contact.
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heterojunction before and aer annealing was 2.89 and 2,
respectively. Its value for Au-decorated CdS/Si heterojunction
before and aer annealing was 1.9 and 1.83, respectively.

The ideality factor improvement aer annealing, for both
heterojunctions, is attributed to the reduction of series resis-
tance and saturation current aer annealing. A value of ideality
factor greater than unity indicates the presence of surface states
and traps at the interface.40,44,45 Fig. 6c & d shows the illumi-
nated I–V characteristics of CdS/Si and Au-decorated CdS/Si
heterojunctions before and aer annealing. The photocurrent
of the Au-decorated CdS/Si heterojunction is larger than the
CdS/Si heterojunction. This is explained by the Au shell's
presence, which served as an electron source to offset electron
recombination and raise the number of photogenerated
carriers. The photocurrent of both heterojunctions increased
aer annealing because of the decreased concentration of the
recombination centers and the increased diffusion length of the
carriers. This has taken place because of the reduced grain
boundaries as well as the increased grain size of the CdS and
Au-decorated CdS.44

The Au-decorated CdS/Si photodetectors' photo detection
mechanism can be summarized as follows: many Schottky Au/
CdS contacts are formed as a result of the Au shell nano-
particles completely encasing the CdS core nanoparticles. This
means that CdS and the underlying p-type silicon are not in
direct contact. The CdS core works as a photoactive element
encased in a plasmonic shell, making the Au/p-Si Schottky
junction the main active junction. Both CdS and p-Si absorb
incident photons when the photodetector is lit, producing
electron–hole pairs. By establishing Schottky connections with
the p-Si, the Au shell nanoparticles aid carrier separation by
generating electric elds and enabling localized surface plas-
mon resonances (LSPRs), as illustrated in Fig. 7. The barrier
height of CdS/Au was 0.9 eV.

These LSPRs enhance light absorption in the CdS core and
the surrounding semiconductor while enhancing the local
optical eld around it. Furthermore, hot electrons produced in
22996 | RSC Adv., 2025, 15, 22989–23002
the Au shell by LSPR could get into the conduction band of CdS
and increase the production of carriers. There is an opportunity
for the photo-excited carriers in CdS to move to the Au shell and
be effectively carried to the p-Si Schottky contact. Aer carriers'
separation by the intrinsic eld at the Au/p-Si junction, the
electrons ow through the Au shell and the holes move into Si,
creating a detectable photocurrent. This structure achieves
high-sensitivity, broadband photodetection by combining
Schottky junction rectication, hot electron injection, and
plasmonic enhancement.46

The capacitance–voltage (C–V) characteristics of CdS/Si and
Au-decorated CdS/Si heterojunctions before and aer annealing
are shown in Fig. 8. The linear relationship of the C−2–V plot
conrms the formation of abrupt junctions.

The built-in potential Vbi was calculated from the intersec-
tion of the linear part with the voltage axis and found according
to the following equation:

C�2 ¼ 2

q3N
ðVbi � VÞ (2)

where 3 is the dielectric constant of CdS, N is the electron
concentration of CdS, and V is the reverse bias voltage. The
value of Vbi was found to be 0.6 and 0.75 V for the CdS/Si het-
erojunction before and aer annealing, respectively, as shown
in Fig. 8a & b.

The built-in potential (Vbi) of the Au-decorated CdS/Si het-
erojunction before and aer annealing was 1 and 2 V, respec-
tively. Its value for Au-decorated CdS/Si is larger than the CdS/Si
heterojunction; Fig. 8c. This is due to the presence of Au, which
forms a Schottky contact with CdS. The work function of Au is
5.1 eV, and the electron affinity of CdS and Si is 0.2 eV and
4.05 eV, respectively. The barrier height rises as a result of band
bending at the CdS surface. The presence of the Au shell adds
a dipole layer that increases the potential drop across the
junction. Aer annealing, the barrier height increased for both
heterojunctions as a result of the decreased trap-assisted
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 C−2–V characteristics of (a) CdS/Si heterojunction before IPL annealing, (b) CdS/Si heterojunction after annealing, (c) Au-decorated CdS/
Si heterojunction before annealing, and (d) Au-decorated CdS/Si heterojunction after annealing.
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recombination, reduced lattice defects, and reduced carrier
scattering.46,47 Fig. 9a shows the spectral responsivity (Rl) of self-
driven CdS/Si photodetector before and aer annealing at zero
bias. Rl is the ratio of photocurrent to light power at a certain

wavelength
�
Rl ¼ Iph

Pl

�
. Two peaks of response were observed

at 520 and 760 nm with responsivity of 0.19 and 0.16 A W−1

respectively before annealing. The rst peak originated from the

absorption edge of the CdS layer
�
lcut-off ¼ 1:24

Eg
¼ 486 nm

�

while the second peak is related to the absorption edge of the
silicon substrate. Aer annealing, Rl increased to 0.36 and 0.31
A W−1 at 520 and 760 nm, respectively, as shown in Fig. 9b. This
is attributed to the increase of depletion layer width because of
the capacitance decrease.40 The increase in CdS mobility (m) was

observed due to the longer diffusion length
�
l ¼

ffiffiffiffiffiffiffi
KT
q

r
ms

�

where s is the minority carrier lifetime of the minority charge
carriers.48,49 Fig. 9b: the effect of IPL annealing on the respon-
sivity of a self-powered Au-decorated CdS/Si photodetector.
Three peaks of response are seen at 460, 640, and 850 nm with
responsivity of 0.42, 0.32, and 0.37 A W−1, respectively. The
exciton formation in CdS, which is boosted by the plasmonic
effect of Au shell nanoparticles, may be connected to the rst
peak. The second peak is due to band-to-band transition in CdS,
and this peak was improved by the presence of Au nanoparticles
© 2025 The Author(s). Published by the Royal Society of Chemistry
and the plasmonic-induced local eld enhancement. The light
absorbed by the silicon substrate is responsible for the third
response peak.33,49,50 Aer annealing, the responsivity increases
remarkably due to the increase in the depletion region width.
Fig. 9c & d show the external quantum efficiency (EQE) as
a function of wavelength for CdS/Si and Au-decorated CdS/Si
heterojunctions.

The EQE increased signicantly from 47% to 90% at 460 nm
aer IPL annealing, indicating an improved collection effi-
ciency of the photo-generated carriers. This improvement is
attributed to the reduction of surface states and grain bound-
aries of CdS nanoparticles, which play an active role in the
recombination of photo-generated carriers. Contrarily, the EQE
of the Au-decorated CdS/Si photodetector exceeded unity aer
annealing due to the formation of LPR, which originated from
the presence of Au nanoparticles that enhanced light absorp-
tion at 500 nm.37,51–53 The specic detectivity plots of self-driven
CdS/Si and Au-decorated CdS/Si photodetectors before and aer
annealing are shown in Fig. 9e & f. The detectivity of the Au-
decorated CdS/Si photodetector was higher than the CdS/Si
photodetector aer annealing due to the higher responsivity,
surface state reduction, grain boundaries, and small surface
leakage.54–58 Table 4 shows a comparison of the gures of merit
of the fabricated photodetectors aer IPL annealing with some
reported CdS and CdTe@CdS core–shell-based silicon
heterojunctions.
RSC Adv., 2025, 15, 22989–23002 | 22997
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Fig. 9 (a) Responsivity of self-driven CdS/Si photodetector before and after annealing, (b) responsivity plot of Au-decorated CdS/Si photode-
tector, (c) EQE of CdS/Si photodetector, (d) EQE of Au-decorated CdS/Si (e) detectivity of CdS/Si photodetector, and (f) detectivity of Au-
decorated CdS/Si heterojunction after annealing.
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Fig. 10a & b shows the photographs of freshly prepared and
stored CdS and Au-decorated CdS colloids. The color of the CdS
colloid was light yellow, while the Au-decorated CdS colloid was
dark yellow. No signicant change in the color of the colloids
was observed aer storing them in the lab for ve months,
conrming the stability of these products. Actually, the
agglomeration of the nanoparticles and degradation of the
22998 | RSC Adv., 2025, 15, 22989–23002
product may result in remarkable change in the color of the
colloids. As shown in Fig. 10c, the responsivity of the CdS/Si and
Au-decorated CdS/Si photodetectors is slightly decreased aer
storage for ve months, and the Au-decorated Si photodetector
exhibits better stability than that of CdS/Si due to the presence
of protective Au.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) Photograph of freshly prepared CdS and Au-decorated CdS colloids (b) photograph of colloids after five months of storage in the lab,
and (c) variation of responsivity of CdS/Si and Au-decorated CdS/Si photodetectors with storage time.

Table 4 Comparative analysis of the performance of the fabricated CdS/Si and Au-decorated CdS/Si after IPL annealing with some reported
heterojunction photodetectors

Parameter CdTe@CdS/Si59 CdS/Si60
This work (IPL-annealed CdS/
Si & Au-decorated CdS/Si) Improvement demonstrated

Responsivity
(A W−1)

0.901 (810 nm) 0.0648 (broadband) 0.36 at 520 nm 2× higher than CdS/Si,60

comparable to CdTe@CdS59 but
with simpler processing

0.42 at 460 nm

Detectivity (Jones) 4.5 × 1011 1.31 × 1010 Expected improvement
(defect reduction)

Higher than CdS/Si60 and close to
CdTe@CdS/Si59 with better
crystallinity

EQE (%) 1.1 × 102 3450.5 (pyro effect) Likely enhanced
(defect passivation)

More stable/reproducible than
pyro-effect-dependent EQE

Spectral range Visible-NIR (810 nm peak) Visible-NIR (up to 1550 nm) Visible-NIR (520–760 nm
demonstrated)

Tunable performance via IPL, not
limited by pyro effects

Processing method Two-step laser ablation Hydrothermal + Si planar Laser ablation + IPL annealing Rapid (IPL), scalable, and defect-
passivating

Key advancement Core–shell complexity Pyro-phototronic effect Crystallinity improvement &
depletion layer control

Simpler than core–shell, more
stable than pyro-effect devices

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 22989–23002 | 22999
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4. Conclusion

Using intense pulsed light (IPL) for post-irradiation treatment
in the preparation of CdS and Au-decorated CdS nanoparticles
has led to notable improvements in nanoparticle characteris-
tics. IPL-induced photothermal effects caused localized heating,
which altered surface charge, caused dissolution, and promoted
aggregation. Au nanoparticle aggregation, surface alterations,
and changes in electrical properties were the outcomes of post-
IPL exposure, which also showed efficacy in changing the
properties of nanomaterials. The increased built-in potential,
following the IPL irradiation, has enhanced the electric prop-
erties of CdS and Au-decorated CdS. It indicates a promising
approach to improve nanomaterial performance. Self-powered
CdS/Si and Au-decorated CdS/Si photodetectors were fabri-
cated. The gure of merit of the Au-decorated CdS/Si photode-
tector was enhanced signicantly aer IPL annealing. The
responsivity of the Au-decorated CdS/Si photodetector at zero
bias increased from 0.23 to 0.42 A W−1 at 460 nm aer
annealing. The effect of aging time on the performance of the
photodetectors was studied.

The present ndings are in good agreement with the context
of the published work related to the work under study. To the
best of our knowledge, this is the rst study where rapid
thermal annealing is achieved by intense light pulses. The
results obtained are backed by the theories that govern this
work and highlight the IPL potential as a novel method for
boosting the Au-decorated CdS nano-colloid's characteristics
and paving the way for applications in optoelectronics, catal-
ysis, and sensing.

Data availability

The datasets generated during and/or analyzed during the
current study are available from the corresponding author (R. A.
Ismail) on reasonable request Raid A. Ismail.

Conflicts of interest

The authors declare that they have no known competing
nancial interests or personal relationships that could have
appeared to inuence the work reported in this paper.

References

1 A. Ghasempour, H. Dehghan, M. Ataee, B. Chen, Z. Zhao,
M. Sedighi, X. Guo and M.-A. Shahbazi, Cadmium sulde
nanoparticles: preparation, characterization, and
biomedical applications, Molecules, 2023, 28, 3857, DOI:
10.3390/molecules28093857.

2 L. Jie, X. Gao, X. Cao, S. Wu, X. Long, Q. Ma and J. Su, A
review of CdS photocatalytic nanomaterials: morphology,
synthesis methods, and applications, Mater. Sci. Semicond.
Process., 2024, 161, 108288, DOI: 10.1016/
j.mssp.2024.108288.

3 V. Lahariya, M. Michalska-Domańska and J. Sanjay, Dhoble
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