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Silicon-based photodetectors offer notable advantages in cost, performance, and reliability. However, while
nanoscale silicon (porous silicon, PSi) effectively emits visible light, it remains inefficient as an indirect-
bandgap semiconductor. To improve its optoelectronic properties, coupling silicon with a wide-bandgap
semiconductor is a promising strategy. In this study, nanoporous silicon (n-PSi) films were fabricated
from an n-type Si (111) wafer using optimized photoelectrochemical etching (PECE). These films were
then irradiated with Q-switched Nd:YAG laser pulses (3, 5, 10, and 20 pulses) at a fixed wavelength of
1068 nm, with pulse durations ranging from 3 to 20 ns and a constant repetition rate of 10 Hz. The
structural, morphological, and optical properties of both as-prepared and laser-annealed n-PSi samples
were characterized using various analytical techniques. Among the laser-treated samples, n-PSi
subjected to three laser pulses exhibited the highest crystallinity and largest crystallite size (~87.02 nm).
This optimized sample was selected for fabricating a Pt/n-PSi/Pt metal-semiconductor—-metal (MSM)
ultraviolet (UV) photodetector. The photoluminescence spectra of the fabricated devices revealed strong
near-band-edge (NBE) emission, with a violet band centered around 523 nm, corresponding to
a bandgap energy of 2.36 eV. The |-V characteristics of the MSM UV photodetectors were analyzed

under dark conditions and 380 nm UV illumination. The device demonstrated high photosensitivity
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Accepted 26th March 2025 (951.28), excellent responsivity (2.01 A W), and fast response (0.44 s) and recovery (0.48 s) times,

outperforming conventional photodetectors. This approach provides a viable pathway for tuning
nanomaterials with tailored properties for high-performance nanodevices. The fabricated MSM UV
photodetectors show great potential for next-generation optoelectronic applications.
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The unique morphology of PSi has enabled advancements in
Si-based photodetectors, which offer advantages in cost,
performance, and reliability. However, nanoscale PSi remains
inefficient as a direct-bandgap semiconductor. While its pho-
toluminescence efficiency can reach 23%, its electrolumines-
cence efficiency is much lower, around 1%.*>* Additionally,
silicon ultraviolet photodetectors (UV PDs) face several chal-
lenges, including reduced photoresponse under high-energy
radiation, sensitivity to visible light, and passivation layer
effects that impact deep-UV quantum efficiency.” To overcome
these limitations, coupling silicon with wide-bandgap semi-
conductors has been explored as a strategy to enhance photo-

1. Introduction

Silicon is a fundamental material in electronics due to its
abundance, excellent functional properties, and high-quality
fabrication potential." However, its high refractive index (n =
3.4 at 550 nm) in the 300-1100 nm wavelength range leads to
significant optical losses,” necessitating surface enhancement
techniques. One effective approach is the formation of nano-
porous silicon (PSi), which increases surface area and enhances
efficiency, making it highly promising for optoelectronic
applications.

“Department of Medical Physics, College of Applied Science, University of Fallujah,
Fallujah, Iraq. E-mail: asaad.thahe@uofallujah.edu.iq

’College of Pharmacy, University of Al Maarif, Al Anbar 31001, Iraq

“Department of Physical Sciences, Faculty of Science, University of Jeddah, Saudi
Arabia

“Physics Department, Faculty of Science, Alasmarya Islamic University, Zliten, Libya
‘Laser Center, Universiti Teknologi Malaysia, Skudai, Johor, 81310, Malaysia
/Energy Masteries Laboratory, Physics Department, School of Sciences and Engineering,
The American University in Cairo, New Cairo 11835, Egypt. E-mail: nageh.allam@
aucegypt.edu

© 2025 The Author(s). Published by the Royal Society of Chemistry

detector performance.

Previous studies, such as those by Ueamanapong et al.,*’
demonstrated that Pt-doped Si-based metal-semiconductor—
metal (MSM) photodetectors can detect 365 nm light. However,
the efficiency of these devices largely depends on the quality of
the fabricated PSi films, necessitating precise growth control.
Electrochemical etching is a well-suited method for synthe-
sizing high-quality n-type PSi (n-PSi) with tunable porosity,
morphology, and optoelectronic properties.®* Optimizing
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photoelectrochemical etching (PECE) parameters—such as
etching duration and current density—significantly influences
the structural and optical characteristics of PSi.>'® Moreover,
studies suggest that coating PSi with n-type semiconductor
materials further improves crystallinity and charge transport
properties.***

Despite ongoing efforts to enhance PSi-based photodetec-
tors, achieving ideal fabrication conditions remains chal-
lenging. The demand for n-PSi in UV PD applications is growing
across various fields, including medicine, manufacturing, and
technology.”™® While previous research has examined the
electrical and photoresponse properties of Nd:YAG-annealed Pt/
n-PSi/Pt photodetectors at different laser energies," the impact
of Nd:YAG laser pulses on their photophysical performance has
not been fully explored.

This study investigates the effect of pulsed Nd:YAG laser
irradiation on the performance of Pt/n-PSi/Pt photodetectors
fabricated via electrochemical etching. Additionally, it examines
how laser fluence influences the morphological, structural, and
optical properties of the PSi layer, providing critical insights into
optimizing PSi for high-performance UV photodetection.

2. Experimental section

2.1. Photoelectrochemical etching cell (PECE)

Fig. 1 illustrates the design and construction of the PECE cell used
for depositing the PSi layer on an n-type Si wafer. The cell is made
of Teflon (polytetrafluoroethylene) and features a 1 cm diameter
circular aperture at the bottom, sealed by the synthesized Si
specimen. During the etching process, a 50 W visible lamp posi-
tioned above the cell illuminates the silicon sample, with Si
serving as the anode and platinum (Pt) wire as the cathode.

2.2. Nd-YAG laser annealing

The optimal n-PSi sample, prepared at a current density of 45
mA cm 2, was selected for Nd:YAG laser annealing with varying
pulse numbers (3, 5, 10, and 20). A Q-switched Nd:YAG laser
with a wavelength of 1064 nm and a pulse duration of 10 ns
(Fig. 2) was used for the annealing process. The beam size was
initially determined using burn paper, and the resulting burn
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Fig. 1 Graphical representation of the PECE cell used to generate n-
PSi samples.
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Fig. 2 Schematic presentation for experimental setup of the laser
annealing process.

mark was measured to estimate the beam area, which was
found to be approximately 0.785 cm? The laser beam was
focused vertically onto the target film using a lens with a focal
length of 10 cm. To measure the laser power, the sensor head of
an Ophir NOVA energy meter (PE50 sensor head) was positioned
10 cm beyond the focal point of the focusing lens. The energy
density at the target was calculated to be approximately 40 m]
em™?, with energy of 31.42 mJ] at the target position. Fig. 2
illustrates the schematic arrangement of the setup. The effects
of laser annealing on the structural, morphological, and pho-
toluminescence (PL) properties of n-PSi were analyzed to iden-
tify the optimal sample for MSM UV photodiode fabrication.
The primary objective of laser annealing was to enhance the
photodiode’s performance, with the n-PSi film annealed using 3
pulses identified as the optimal sample. The laser-irradiated
area was calculated using eqn (1) below.

A= (1)

where A represents the laser irradiated area and r symbolizes
the radius (0.5 cm). The energy density (E4) was calculated using

eqn (2):
Ey =~ (2)

where Eq4 signifies energy density (40 mJ cm™?), E represents
energy at the target position (31.42 mJ), and A denotes the laser
irradiated area.

2.3. Characterization

The morphological variations of n-PSi thin films annealed with
different Nd:YAG laser pulses (3, 5, 10, and 20) were analyzed
using a high-resolution field emission scanning electron
microscope (FESEM, NOVA NANO SEM 450) equipped with an
energy dispersive X-ray (EDX) detector. The structural properties
of the as-prepared n-PSi thin films were characterized by X-ray

© 2025 The Author(s). Published by the Royal Society of Chemistry
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diffraction (XRD) using a PANalytical X'Pert Pro Diffractometer,
which operates at 40 kv and 30 mA with Cu-Ka radiation (A =
1.54056 A). The root mean square (RMS) roughness values of the
porous layer for different samples were measured using atomic
force microscopy (AFM). The optical properties of the thin films
were examined through photoluminescence (PL) spectroscopy,
recorded using a Jobin Yvon HR 800 UV spectrophotometer
equipped with a He-Cd laser (A = 325 nm, 20 mW). Electrical
characteristics, including current-voltage (I-V) and current-
time (I-t) responses of the fabricated MSM-UV photodetectors

H1=43.54 pm
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(MSM-UVPDs), were measured using a Keithley electrometer
(model 6517A).

3. Results and discussion

3.1. Morphological and structural characteristics

The optimum n-PSi films were prepared at a current density of
45 mA cm 2. The films were annealed under different pulses (3,
5, 10, and 20) of Nd-YAG laser with fluence of 40 mJ cm 2.
Contrary to conventional laser untreated n-PSi films, the laser

H1=68.55 um

H1=14.37 pm

Fig.3 Top-view FESEM images of the n-PSi after exposure to (a) 3, (b) 5, (c) 10, and (d) 20 laser pulses. The corresponding cross-sectional views
of the n-PSi samples after exposure to (e) 3, (f) 5, (g) 10, and (h) 20 laser pulses.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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irradiated films are covered with droplet-like Si particles. A
possible reason for the formation of droplets is the phase
transition via explosive crystallization (EC). In this case, the
amorphous phase exhibits higher free energy compared to the
crystalline phase, thus crystallization occurs with the release of
latent heat.*** The n-PSi surface pores appeared to be filled or
covered more and more by the Si that is evaporated and
condensed after 3 pulses irradiation, Fig. 3(a). The annealing
step leads to threshold fluence increase. Increasing the number
of laser pulses leads to the formation of more droplets, as
shown in Fig. 3(b). The surface of the laser treated n-PSi after an
increase in number of pulses to 5 showed that this behaviour
was retained. The average pore diameter was estimated using
eqn (1). An increase in the pore diameter was observed upon
increasing the number of pulses number up to a certain limit,
after which the pore diameter began to decrease with further
pulse number increase. Morphology evolution as the major
difference at higher pulses is associated with hydrogen. The 10-
pulses annealed sample (Fig. 3(c)) showed a change in surface
morphology, attributable to the local heating by the laser beam,
which causes evaporation and re-condensation on the surface.
The 20-pulses annealed n-PSi sample (Fig. 3(d)) showed
a surface similar to that of 10-pulses obtained surface, only that

View Article Online
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the 20 pulses annealed surface pores get increasingly filled and
covered by the condensed n-PSi after evaporation with pores
size = 2.33 nm (where the larger pores sizes appeared).

In addition, the distribution of majority of the pores was
random. The pores are mostly dense, and spherically shaped,
while others were elongated, non-uniform, and square-shaped.
It is believed that the microstructure and diameter of a pore
depend on the conditions of the etching process such as the
duration time, HF concentration, current density, and temper-
ature.'®"” The corresponding cross-sectional images of the n-PSi
layers of the samples show spongy, irregular shaped pores with
uniform wall thickness. The thicknesses of the n-PSi layers were
found to be 14.37, 43.54, 68.55, and 82.30 um for the samples
exposed to 20, 10, 5, and 3 laser pulses, respectively,
Fig. 3(e)-(h). EDX elemental analyses of the films are shown in
Fig. 4, revealing the presence of Si as the main constituent along
with O and F atoms.

Fig. 5 illustrates the XRD patterns of the n-PSi samples after
exposure to different laser pulses (3, 5, 10, and 20). The laser-
annealed n-PSi samples were found to have higher XRD peak
intensities compared to the untreated samples. The intense
diffraction peak at 20 = 28.42° was assigned to the nano-
crystallite growth of lattice planes along the (111) plane. The
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Fig. 4 EDX spectra of the n-PSi films exposed to (a) 3, (b) 5, (c) 10, and (d) 20 laser pulses.
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Fig. 5 XRD patterns of the n-PSi samples annealed under varying laser pulses.

crystallite size was calculated using Debye-Scherer equation,
see Table 1. The sample exposed to 3 laser pulses showed the
largest crystallite size (=87.02 nm). The samples exposed to
higher numbers of laser pulses showed approximately uniform
average crystallite size. The samples revealed average crystallite
sizes of ~63.16 nm, ~58.02 nm, and ~57.98 nm upon exposure
to 5, 10, and 20 laser pulses. This is consistent with the sharp-
ness and intensities of the diffraction peaks. The slight decrease
in crystallite size can be deduced from the increase in the
FWHM. Therefore, the n-PSi (111) layer exposed to 3 laser pulses
was selected for use in fabricating the photodetector device. As
the number of pulses increases (>3), more energy is absorbed to
break the crystals, leading to decrease in crystallite size.

The mismatch between the n-PSi (111) layer and substrate
(bulk Si) was investigated based on the average strain e,, (%).
Table 2 presents the values estimated for the average discrep-
ancy ¢, (%) as a function of varying laser pulse number. The
observed decrease in ¢, (%) values with increase in the number
of laser pulses number can be attributed to growth of nano-
crystallites, resulting from free energy minimization and
enhanced nucleation. At 3 pulses, the ¢,, (%) = —0.90369 is the
highest value achieved for the fabricated n-PSi samples, thus
considered as the best sample for the MSM UV photodiode
fabrication. Furthermore, the positive and negative signs of ¢,,
(%) indicate compressive and tensile strain occurrence in the
nanoporous films. The compressive stress is important in
materials with smaller volumes, which leads to columns,
shortening of bars, etc. inside the structure.'® Besides, this
increase in the stress is possible until the attainment of
compressive strength. Conversely, nanocrystallites can be
elongated with the application of tensile strain.

Fig. 6(a)—-(d) presents the AFM images of the n-PSi samples
annealed at varying number of laser pulses of 3, 5, 10, and 20,
revealing the formation of rough surface structure with multiple
nanosized pores. The 3D AFM image of the laser-treated layer

© 2025 The Author(s). Published by the Royal Society of Chemistry

Table 1 Average crystallite size variation for annealed n-PSi with
different laser pulses

Crystallite

Number of pulses 20 (degree) FWHM (degree) size (nm)
0 28.4624 0.1556 55.04
28.4269 0.0984 87.02
5 28.4624 0.1356 63.16
10 28.4634 0.1476 58.02
20 28.4675 0.1477 57.98

was carried out over a 5 pm x 5 pm dimension. The n-PSi layer
exhibits inhomogeneous proportion of large numbers of irreg-
ular pillars of silicon and randomly distributed voids over the
surface. There was an observed increase in grains' height and
surface roughness (Ryms) upon increase in the laser's fluence
(Table 2). After laser irradiation, a hillock surface (pyramid-like)
was also observed. The increase in R.,s roughness after laser
irradiation is attributable to the porous layer re-melt connected
to a rough surface produced by rapid solidification. The process
of solidification could create ripples very fast.' Furthermore,
the analyses of AFM showed that the n-PSi layer overall struc-
ture strongly depended upon the irradiating laser flounce.
Spacing and pore diameters were varied greatly over a wide

Table 2 Variation of average discrepancy and roughness values of
annealed n-PSi at different laser pulses

Number of pulses Co (nm) C (nm) &4, (%) Rims (nm)
3 5.62812 0.542 —0.90369 133
5 6.27178 0.542 —0.91358 150
10 6.27964 0.542 —0.91368 170
20 6.27088 0.542 —0.91356 217

Nanoscale Adv., 2025, 7, 2955-2966 | 2959
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Fig. 6 3D AFM images of the n-PSi samples annealed at (a) 3, (b) 5, (c) 10, and (d) 20 laser pulses.
nanometer scale range with increased surface layer compact- 12000
ness, possibly due to the recrystallization of the top layer.* This 1236V 3 pulse
recrystallization is ascribed to the surface energy reduction.** At 10000~ ™~ fopulsle
longer durations the surface becomes rougher. Moreover, at 20 p“lse
8000 puise

pulse duration of 3, the pore depth and average surface
roughness rapidly increased.

3.2. Optical and optoelectronic characteristics

Fig. 7 presents the PL spectra of the laser-annealed n-PSi
samples for different laser pulses, revealing a prominent
emission peak in the visible region. Upon increasing the
number of laser pulses from 3 to 20, continuous visible peak red
shift (from 500 to 700 nm) was observed. This longer wavelength
shift can be ascribed to the quantum confinement effect
weakening of the nanocrystallites,* which indicates enhance-
ment in porosity of the sample. PL emission bands in the
wavelength range 400-900 nm can be assigned to the S-band.*
The S-band was observed at 523.43, 633.77, 664.82, and
636.06 nm for the samples treated with 3, 5, 10 and 20 laser
pulses, respectively. Furthermore, the intensity of the PL band
decreased with increasing the number of pulses, which indi-
cates significant change in the n-PSi porosity, since the intensity
of the PL intensity is proportional to the number of photons
emitted by the porous surface. The higher energy PL band
indicates recombination of surface-state, while the lower one
originates from the quantum confinement effect.*

Table 3 presents a summary of the change in average pore
diameter and optical band gap energy of the n-PSi films upon
exposure to different number of laser pulses. Based on the
model of quantum confinement, the shorter wavelength PL
peak signifies more confinement strength and thus wider band
gap energy.” The wider band gap energy of 2.36 eV for the n-PSi

2960 | Nanoscale Adv, 2025, 7, 2955-2966
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Fig. 7 PL spectra of the n-PSi films annealed at different number of
laser pulses.

sample exposed to 3 laser pulses confirms stronger size
confinement. However, as the number of laser pulses increased,
weaker confinement was recorded (lower band gap of 1.86 eV).
This effect of de-confinement is a clear indication of porosity
enhancement and bigger nanocrystallites formation due to
melting-assisted laser effect. The electron-hole (¢ -h") recom-
bination probability became higher in this situation, in the
nanoporous structures, which led to quantum efficiency
enhancement. Table 4 gives a comparison between the obtained
crystalline size, band gap energy and pore diameter to those
reported in the literature for n-PSi.

The observed change in band gap of the prepared PSi upon
laser annealing (Table 3) can be attributed to alterations in pore

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The energy gap and the average pore diameter of the n-PSi
grown at different laser pulses

Energy gap Average pore
Number of pulses (ev) diameter (nm)
3 2.36 2.17
5 1.95 2.26
10 1.86 2.31
20 1.94 2.33

Table4 Comparison of the crystallite size, band gap energy, and pore
diameter of the n-PSi obtained in the present study with other similar
reported works in the literature

Crystallite Energy gap Pore diameter

size (nm) (eV) (nm) References
87.02 2.36 2.17 Present work
4.27 1.65 — 26

54.64 1.99 20.77 27

55 1.95 77 28

18.09 1.88 — 29

size, surface roughness, oxidation and doping.** Initially,
etching introduces surface roughness to the porous silicon,
which can result in a decrease in the band gap due to the
creation of surface states. However, the smaller pores produced
by the etching process can lead to a larger band gap due to
quantum confinement effects. Etching also exposes the PSi to
oxygen, leading to oxidation and the formation of a silicon oxide
layer, which can increase the bandgap due to the creation of
a wider band gap oxide layer. Laser annealing then transformed
the morphology of the PSi, where the local heating by the laser
beam causes evaporation and re-condensation on the
surface.>** This leads to the reduction and filling of the surface
pores by the condensed n-PSi material after evaporation. This
explains the decrease in the energy gap with increasing the
number of laser pulses. The laser-induced changes are

Fig. 8 Energy bandgap diagram of the Pt/PSi/Pt device.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dependent on the conditions and properties of the PSi itself.
The structure shown in Fig. 8 depicts a planar photo-conductive
detector based on the common metal-semiconductor-metal
(MSM) configuration.

Fig. 9 shows the I-V characteristics of the fabricated MSM
photodetectors based on the n-PSi films annealed at different
number of laser pulses. The current was recorded under dark
and UV light (wavelength of 380 nm and intensity of 1.5 mW
cm %) in the voltage range from +5 V to —5 V. The graphs show
Schottky I-V characteristics for both forward and reverse bias
and was the best for the n-PSi sample annealed with 3 laser
pulses. For all designed photodiodes, the measured hysteresis
loop under the forward bias was ascribed to the sluggish
capture centres generated by holes.** Nevertheless, under
reverse bias, the hysteresis loop was absent, in agreement with
the literature.* The attained /-V behavior was similar to the one
observed for Si based p—n junction but with a lower slope. Note
that the Pt/n-PSi/Pt structure comprised of two junctions linked
in series; the Pt/n-PSi Schottky barrier with high resistance of
porous Si film and the PSi/Si heterojunction. Existence of these
contacts aided the bias to change between —5 V and +5 V. The
observed enhancement in the photodetector's forward current
was attributed to the reduction of resistivity in the porous
structure, which can be ascribed to the enhancement in crys-
tallinity of the porous film upon laser annealing. Exposure with
high laser flounce (40 mJ cm™>) could enhance the resistivity of
the porous film by generating large number of defects in the
laser exposed area including recombination or trap centres with
deeper energy states in the forbidden energy gap of the PSi
film.*® Generally, the I-V characteristics of the fabricated
photodetectors were improved with the number of laser pulses,
indicating some positive influence on the photodetector's
performance.

Fig. 10 illustrates the spectral sensitivity of the designed MSM
n-PSi photodetectors under different bias voltages (+3, +5, and
+7 V applied for 20 s intervals). The dynamic response of these
photodetectors showed rectangular behaviour, where the photo-
current values for each on/off phase were stable and repeatable. In
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Fig. 9
under dark and UV light conditions.

Fig. 9(a) and (c), the photocurrent values increase as a function of
bias. However, in Fig. 9(b) and (d), the photocurrent is maximum
for 5 V compared to 7 V. The photocurrent in PSi is influenced by
the separation and recombination of charge carriers (e-h). The
bias voltage can affect separation efficiency, leading to changes in
photocurrent.*” Bias voltage also influences the recombination
centers and occupation of trap states formed by the defects in PSi,
affecting photocurrent. As earlier explained, the band gap energy
of 2.36 eV recorded for 3 laser pulses reduced to 1.86 eV as the
number of laser pulses increased, due to weaker quantum
confinement. This effect of de-confinement is indicative of
enhanced porosity and larger nanocrystallites due to melting-
assisted laser effect. Thus, for samples annealed with 3 laser
pulses, the strong confinement allows for improved generation
and separation of charge carriers as the bias voltage is increased.
In contrast, the de-confinement or weaker quantum confinement
of the PSi samples annealed with 20 pulses lowers the efficiency of
charge generation and separation as bias voltage is increased.
Regardless of the laser annealing procedure and applied voltage,
the present photodetectors displayed good stability and repeat-
ability characteristics.

In addition, the recovery and rise times of the fabricated
photodetectors, estimated from the current-time response,
were found to be very rapid. The @5 for the photodetector made
from the 3-pulses- annealed n-PSi film is 0.95 eV. The @y was
found to depend on the number of laser pulses used for the
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annealing of the n-PSi films, which can be attributed to the
varied roughness of the surface layers. Consequently, the n-PSi/
Pt interface is notably altered, enhancing the electrical proper-
ties of the photodetector.®® The current response was used to
calculate the percentage photosensitivity (S%) of the MSM
photodetector (eqn (5)). The sensitivity of the photodetectors
made from the laser-annealed n-PSi films is much higher than
that made from laser untreated film. Moreover, the time of
response and recovery of the photodetector made from the n-PSi
film annealed under 3 laser pulses are 0.29 s and 0.44 s,
respectively. These values are the shortest for the laser annealed
n-PSi- based photodetectors with better performance than those
reported in the literature.*®*® This observed swift response can
be ascribed to the laser annealed (at 3 pulses) n-PSi samples
without defects and high quality with large photoactive surface
area. On contrary, the sluggish response of the device fabricated
using films annealed with higher number of laser pulses can be
ascribed to the existence of grain boundaries and increased
oxygen adsorption at the wide surface layer.*

Following the theory of thermionic emission-diffusion,***
the values of Schottky barrier height (®g) and the ideality factor
(n) were estimated via:

_ AN —exp Y
I=1,exp (nkT) {1 exp kT] (3)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.10 Response-relaxation behavior of the MSM photodetectors as a function of applied bias under UV light exposure recorded at each on/off
cycle for the films annealed under (a) 3, (b) 5, (c) 10, and (d) 20 laser pulses.

Iy = AR*T? exp {ﬂ}

T (4)

where I, presents the saturation current, T represents the
temperature, k denotes the Boltzmann constant, R* (=112 A
cm 2 K?) signifies the effective Richardson coefficient, A refers
the Schottky contact area (=0.25 cm?), and q is the charge of
electron.

The intercept of In I versus V plot was used to determine ®g.
Eqn (4) was used to find the value of I, for different current
densities. The value of @5 for the fabricated photodetector ob-
tained with 45 mA cm ™ was 0.73 eV. The slight changes in the
@y values for various current densities can be due to the varied
surface roughness of the samples, which significantly affected
the n-PSi/Pt interface, leading to improvement in the electrical
features.”® The observed enhancement in the value of @5 for
samples prepared at high current density was ascribed to the
existence of high-level porosity, which could shift the Fermi
level towards the valence band and diminish the dark current.
The enhancement in ideality factor can be attributed to the
occurrence of large number of interface states.** It was shown
that the existence of 2 hetero-junctions in the samples such as

© 2025 The Author(s). Published by the Royal Society of Chemistry

at the interface of substrate and n-PSi and inside the n-PSi and
Pt border was mainly responsible for such improvement.***
Besides, the inhomogeneity of barrier heights might have made
n large, as acknowledged by a related study.*® The current versus
time variation was used to evaluate the photodetector's sensi-
tivity (S) by the relation:*®

Ion — 14

—— x 100

s (h)= T

(5)
where I, and I4 are the of photo- and dark-density current,
respectively.

The measured photocurrent of the n-PSi specimen grown at
varied current density revealed high stability and repeatability
during each on/off cycle. Both the response and recovery time
for n-PSi structure grown at 45 mA cm™ > was found to be 0.47 s
and 0.47 s, respectively. These achieved times are the shortest
compared to those reported in the literature.””** The observed
rapid response at utmost current density was ascribed to the
defects-free nature, high quality and, enlarged area of the
photoactive surface of the prepared n-PSi layer. Furthermore,
the prompt response of the photodetector was linked to the
short transit time of the photo-generated carriers characterized
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by their long lifetime.*”** On the contrary, the sluggish response
of the photodetector is attributable to the existence of grain
boundaries and increase in the oxygen adsorption on the wide
surface.*

The obtained photodetector's performance was assessed via
responsivity (R, in A W™') which was expressed as the device
photocurrent to the incident optical power*® ratio given by:

h_ T ©

R:Pm_ExA

where E denotes the incident photon energy recorded by
a standard UV power-meter (Newport power meter, Model 2936-
C, USA). The responsivity of the studied photodetector in the
wavelength region of 300-900 nm was recorded at room
temperature under the optimum bias voltage of +5 V.

Fig. 11 shows the photo-response of the fabricated photo-
detectors made of the laser annealed n-PSi films as indicated by
peak values (p and Rp). Regardless of the number of laser
pulses, the responsivity behavior showed a significant visible
peak centred at 380 nm, which arose from light absorption in
the depletion region of n-PSi. The maximum responsivity at
380 nm can be attributed to a combination of quantum
confinement effects, defects, and optical properties (optical
absorption, scattering and reflection).*** The 380 nm wave-
length corresponds to the optimal bandgap energy for PSi
structure, leading to enhanced absorption and reduced
recombination losses. The valence band edge in PSi is

View Article Online

Paper

responsible for the responsivity at 380 nm. The quantum
confinement leads to increase in bandgap energy, which results
in a blue shift, making PSi more responsive to UV light. The
increase in bandgap energy also enhances UV absorption.
Clearly, the responsivity was enhanced upon the laser annealing
of the porous films. The 3-pulses-based photodetector showed
a maximum Rp of 2.01 A W' and found to be superior
compared to the reported values in the literature.*®** The high
surface-to-volume ratio of PSi due to the etching process leads
to a large number of surface states and defects. However, the
photoexcited carriers in the UV region have sufficient energy to
overcome the recombination centers generated by the defects,
resulting in a higher photoresponse. Additionally, the appear-
ance of small shift in the peak value (from 380.07 to 380.21) can
be ascribed to the morphological and structural changes of the
n-PSi film. It was asserted that the lifetime of the generated
additional carriers, which is a significant factor in the fabrica-
tion of photodetector, could be improved by laser annealing.
Table 5 depicts the characteristic parameters of the fabricated
photodetectors. Evidently, the photodetector obtained using n-
PSi layer with 3 laser pulses treatment displayed the best
performance. In Table 5, the barrier height is observed to
decrease with increasing the bias voltage. When a forward bias
voltage is applied, the barrier height is reduced, allowing more
current to flow across the junction. When the bias voltage is
applied, an electric field is created and thermal emission
(Schottky effect) is increased across the metal-semiconductor
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Fig. 11 Responsivity of the fabricated photodetectors made of n-PSi films annealed under (a) 3, (b) 5, (c) 10, and (d) at 20 laser pulses recorded at

applied voltage of +5 V.
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Table 5 Calculated parameters of the designed photodetectors obtained at changing laser pulses and exposed to UV light (380 nm)

Pulses  Vius (V)  Ia(A) Ion (A) S (%) G RAW™)  dy(ev) I, (A) fres (8)  trec (5)
3 3 3.90 x 107* 8.68 x 107* 122.56 2.22 2.01 0.95 1.11 x 1077 0.46 0.48
5 3.90 x 107* 41 x107° 951.28 10.51 0.29 0.44
7 1x1073 7 %1073 600 7.0 0.45 0.49
5 3 6.43 x 10°° 8.92 x 10°° 38.72 1.38 1.49 0.93 2.26 x 10°° 0.47 0.41
5 1.29 x 10°* 4.66 x 10°* 261.24 3.61 0.45 0.41
7 1.58 x 107* 5.92 x 107* 274.68 3.74 0.68 0.47
10 3 3.12 x 10°* 6.64 x 10°* 112.82 2.12 1.12 0.92 3.05 x 1077 0.44 0.48
5 4.26 x 10* 11 x 107 158.21 2.58 0.45 0.43
7 6.62 x 10°* 13 x 107 96.37 1.96 0.98 0.52
20 3 1.16 x 107° 2.11 x 107° 81.89 1.81 0.81 0.88 1.52 x 1078 0.49 0.48
5 2.57 x 107* 6.82 x 107 165.36 2.65 0.48 0.47
7 3.05 x 107° 7.58 X 107° 148.52 2.48 0.50 0.48
Table 6 Comparison of the responsivity of the fabricated photodetectors with others reported in the literature
Si-based device structure Wavelength (nm) Bias voltage (V) Responsivity (A W™ 1) Ref.

Pt/n-PSi/Pt 380
Au NPs/PSi 365
Visible-blind ultraviolet photodetectors on 350
porous silicon carbide substrates (PSiC)

Al/PSi/Si/Al 365
(Al/porous silicon/crystalline silicon/Al structure)

Au:CuO nanocomposite/PSi 365

interface. The electric field and increased thermal emission
then induces charges in the metal electrode, which reduces the
barrier height. Table 6 compares the responsivity of the best
photodetector prepared in this study with those reported in
literature, which clearly showed the outperforming nature of
our photodetector. This aligns with Ahmed et al.,>* who modi-
fied Si structures into PSi via anisotropic electrochemical
etching for optoelectronic applications, yielding ~250 nm pores
and a direct energy gap of 1.73 eV with 11.18% sensitivity at
786 nm. Similarly, Ahmed et al* anodized n-type mono-
crystalline Si in an ethanoic-HF solution, producing ~700 nm
pores, a 1.80 eV direct bandgap, and 9.4% sensitivity at 785 nm.
However, our study reports a significantly higher sensitivity of
951.28%, highlighting a major distinction.

4. Conclusion

Nanoporous silicon (n-PSi) films were grown via optimized
photoelectrochemical etching of Si wafers. The grown n-PSi
films were irradiated with different Q-switched Nd:YAG laser
pulses (3, 5, 10 and 20) at fixed wavelength of 1068 nm, varied
pulse durations of 3-20 ns, and constant repetition rate of
10 Hz. The n-PSi sample subjected to 3 laser pulses exhibited
the most crystallized surface and largest crystallite size (=87.02
nm), and was thus selected for the fabrication of Pt/n-PSi/Pt
photodetector. The Pt/n-PSi/Pt UV photodetector demon-
strated improved detection efficiency and enhanced electrical
response. The UV photodetector displayed good I-V character-
istics, resulting in higher photosensitivity (951.28) and

© 2025 The Author(s). Published by the Royal Society of Chemistry

5 2.01 Present work
10 0.2 23

5 0.06 54

5 0.5 38

2 0.75 28

responsivity (2.01 A W), and faster recovery time (0.48 s) and
response time (0.44 s) compared to known photodetectors. The
proposed technique may constitute a basis for controlled
tuning of various nanomaterials with desirable properties for
high performance nanodevices applications.
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