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ABSTRACT

This study has investigated the fabrication of porous Si-doped gallium nitride (GaN) using low-temperature alternating
current photoelectrochemical (ACPEC) etching at varying etching durations for MSM photodetector applications. The
structural and optical characteristics of the porous GaN samples were examined using a 400 W high-pressure mercury-
vapour lamp (Hg-HPVL) and 4% KOH electrolyte with 50 Hz of 100 mA alternating current (AC). Current-voltage (I-V)
measurements were conducted to analyse the platinum-deposited GaN for MSM photodetector performance. FESEM
micrographs of the etched samples revealed coral-like and nano-tunnel pore formations, while AFM topography showed
a significant increase in surface roughness compared to in the as-grown samples. The minimal difference between the
average pore depth and RMS surface roughness values indicated successful fabrication of a nano-coral structure with
a uniform, evenly distributed depth. Raman spectroscopy of the etched samples showed shifts in the A1 (LO) peak
wavelengths and an increase in the E2 (high) peak intensity across different etching times compared to in the as-grown
samples. XRD analysis further confirmed the presence of dislocation density along the x- and z-axis across all samples.
Additionally, I-Vmeasurements of theMSM photodetector demonstrated a higher current in all porous samples compared
to in as-grown samples under various environmental conditions. These findings indicated that low-temperature ACPEC
etching could be an effective approach for fabricating porous GaN with higher currents for photodetector applications.

Keywords: Low temperature, MSM photodetector, Nanostructure, Photoelectrochemical, Si-doped GaN

Introduction

Porous semiconductors have received extensive at-
tention in recent years, owing to their distinct optical
properties when compared to bulk materials, as well

as their potential uses in optoelectronics, chemical
sensing, and biological sensing.1–4 Their high surface
area, shift of band gap, luminescence intensity en-
hancement, and efficient photoresponse when pores
are formed could be tailored to fabricate new sensing
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devices.5 Porous gallium nitride (GaN) research has
sparked interest because of its unique properties, for
example, porous GaN could decrease threading dis-
locations and accommodation strain.6 Dry and wet
etching techniques are used to create porous GaN.
Dry etching techniques, such as reactive ion etching
(RIE), inductively coupled plasma (ICP), and a hy-
brid of these two techniques, known as inductively
coupled plasma reactive ion etching (ICP-RIE), could
cause surface damages and they lack the desired se-
lectivity for morphology, dopant, and composition.7

On the other hand, wet etching techniques, such
as electroless etching, direct current photoelectro-
chemical (DCPEC) etching, and alternating current
photoelectrochemical (ACPEC) etching are cost ef-
fective, as well as sustainable methods without the
use of hazardous gases, harsh chemicals, and high
power.8–11 Electroless etching is technically straight-
forward, cost-effective, and extensively applicable
to both conductive and insulating substrates.12 This
method, however, makes homogeneous pore size and
distribution nearly impossible to achieve.13 The most
practical wet etching methods for creating porous
GaN are DCPEC and ACPEC etching. One of the
common electrolytes used for etching is potassium
hydroxide (KOH). This electrolyte is great for control-
ling the reaction kinetics during etching to achieve
the desired etching rates and to maintain the quality
of the etched GaN. In DCPEC etching, the KOH elec-
trolyte being consumed during the chemical reactions
in the pores could cause the concentration of the elec-
trolyte in the vicinity of the semiconductor electrolyte
interface (SEI) to decrease, which may reduce the
effectiveness of the etching process.14 Bubbles have
been observed at the surface of GaN during DCPEC
etching due to N2 development, thus delaying the
etching process and resulting in shallow pores.15

Etching conditions or temperature during the etch-
ing process could also affect the creation of porous
GaN, even though it could be synthesised at room
temperature. However, heat transfer from the high-
power UV lamp or high-pressure mercury-vapour
lamp (HPVL) during the etching process could in-
crease the temperature of the etching system and
potentially cause the electrolyte to vaporise. The etch-
ing activity and rate could reduce because of the
aforementioned issues, resulting in GaN with non-
uniform pores and poor porosity.14 Furthermore, the
porous GaN samples generated using this method was
expected to have a low density and a low surface
area-to-volume ratio.16

Porous GaN is an anisotropic material with a high
surface-to-volume ratio at low temperatures. Low-
temperature ACPEC etching is a technique that uses
light-induced electrons and holes to aid electrochem-

ical processes in semiconductors that are in contact
with an electrolyte. In low-temperature ACPEC etch-
ing, the etching of GaN occurs only at the tip of the
pores, where the electric field of the surface charge
region (SCR) is locally amplified. Etching begins at
specified initiation sites and would eventually evolve
into the GaN layer for steady-state pore growth.15,17

Thus, when the etching rate is increased at a low
temperature, the grain boundaries will be etched
significantly slower than the centres of the crystals.
Therefore, the pore structure could be constrained
to a smaller size. ACPEC utilises AC as the power
source for the PEC etching process. Hole generation
at the SEI refers to the creation of holes, which is the
positive charge carrier at the interface between GaN
and KOH during PEC processes, as shown in Fig. 1.
When light illuminates the surface of GaN, it excites

electrons from the valence band to the conduction
band, creating holes in the valence band, as shown
in Fig. 1(a). The AC electric field in the space charge
region (SCR) assists in separating these carriers, with
holes moving towards the surface, enabling the oxi-
dation of GaN and initiating the etching process, as
shown in Fig. 1(b). The oxide layer of Ga2O3 forms
on the GaN surface and then, it experiences oxide
dissolution when it dissolves into the KOH electrolyte.
This dissolution exposes the underlying GaN sur-

face for continued etching, allowing the process to
proceed smoothly. During the etching process, N2
gas and ions, such as Ga3+ and O2– were released.
Photogenerated holes are driven to the interface for
oxidation reaction during the anodic half-cycle, as
seen in Fig. 1(d), while the photogenerated electrons
diffuse into the GaN bulk. They are then transferred
to the counter electrode via the external circuit,
driven by voltage bias and band bending. As shown
in Eqs. (1) and (2), holes on the GaN surface could
contribute towards the oxidation of GaN to generate
Ga2O3 when N2 gas is evaluated.18

2GaN + 6h+ → 2Ga3+ + N2 (1)

2GaN + 6OH−
+ 6h+ → Ga2O3 + 3H2O+ N2 (2)

The electrons contribute to the reduction of hydro-
gen during the cathodic half-cycle of the alternating
current photoelectrochemical etching by evaluating
H2 gas from the platinum counter-electrode during
the ACPEC etching process. Due to N2 evolution, bub-
bles may be observed at the surface of GaN during
PEC etching, which could slow down the etching pro-
cess, resulting in shallow pores. Other than N2 gas,
ions such as Ga3+ and O2– may also be produced.
AC may reduce bubbles on the GaN surface by pe-
riodically reversing the electric field. This reversal
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Fig. 1. Anodization at SEI of GaN and KOH at a) light incident on GaN, b) etching process occurs, c) etching penetrating deeper and d)

Sinusoidal wave of AC.

induces the oscillation of ions and charged species
in the solution, which would help reduce N2 bubbles
and prevent ions from blocking the active surfaces,
or triggering undesired recombination reactions. The
movement generated by the alternating electric field
may prevent the bubbles and ions from accumulating.
This enhances the etching process and allows it to
proceed smoothly and uniformly. When gas bubbles
and ions are reduced, fresh KOHmolecules are free to
react with the GaN surface, thus preserving the KOH
concentration at constant SEI.19

Instead of using a common direct current, a si-
nusoidal alternating current with a frequency of
50 Hz was used in this study to establish homo-
geneity and porosity of porous GaN layers.19 The
electrochemical behaviour during ACPEC etching was
strongly influenced by both the applied AC fre-
quency and etching duration. At the low frequency
of 50Hz used in this study, the alternation of bias
provided sufficient time within each half-cycle for
controlled photo-assisted oxidation and oxide disso-
lution, thus facilitating uniform pore initiation and
propagation.19 This balance between light-induced
oxidation and chemical dissolution could lead to a
porous morphology with minimal lattice damage.20

Low temperature serves as a surface treatment for
GaN, preventing the heat generated by high-power
light sources, such as UV or polychromatic light,
from impacting the SCR. The combination of low
temperature and AC, which incorporate both ca-
thodic and anodic cycles, could significantly reduce
the likelihood of electron-hole pair recombination.
The literature review showed that the fabrication
of porous Si-doped GaN via low-temperature ACPEC
etching has not been reported. Consequently, this
research aimed to prepare porous Si-doped GaN via
ACPEC etching at a low temperature, anticipating
improvements in pore uniformity and porosity that
could lead to a higher surface area-to-volume ratio.
Porous GaN with increased capabilities has the po-

tential to be employed in metal-semiconductor-metal
(MSM) photodetectors. Thin films have been widely
used for photodetection across the electromagnetic
spectrum, with GaN being especially good at de-
tecting UV and visible light.21 Thus, this study has
also fabricated MSM photodetector to ensure that
the porous structure created using this method could
produce a high-performance photodetector.

Materials and methods

This study employs two (2) inch in diameter
Si-doped n-type GaN wafers grown via the Metal Or-
ganic Chemical Vapour Deposition (MOCVD) on one
side of the polishing sapphire substrate, as shown in
the schematic diagram in Fig. 2(a). The thickness of
the GaN thin film was 5 µm. The GaN wafer was cut
into 1 × 1 cm pieces using a diamond wafer cutter.
This study has also employed a low-temperature AC
photoelectrochemical etching technique to prepare
porous GaN samples using three (3) key steps, namely
pre-etching, low temperature ACPEC etching, and
post-etching.
GaN is an extremely stable material that does not

easily oxidises. However, GaN tends to react with
native oxides and other particles on the surface of the
GaN wafer and form Ga2O3 that could interrupt the
etching process. To eliminate these oxides, the sample
was immersed in ammonium (NH3) solution for eight
(8) min to remove any organic residue, followed by
hydrofluoric acid (HF) solution for 20 sec to remove
the native oxide. Then, the sample was cleaned by
being boiled in an aqua regia solution for 5 min at
80 °C to remove any metal impurities. Each cleaning
step was followed by rinsing with deionised (DI) wa-
ter. The sample is wrapped using an aluminium (Al)
sticker, with a small hole of 0.8 cm in diameter to
allow the enhancement of electrical contact between
the electrolyte and GaN surface, as shown in Fig. 2(b).
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Fig. 2. Schematic diagram of a) Si-doped GaN sample, b) wrap contact, c) ACPEC etching at low temperature and d) MSM photodetector.

This step resulted in an ohmic contact for the sample
with an etching area of 0.503 cm2. The schematic
diagram of the low-temperature ACPEC etching is
shown in Fig. 2(c). Then, the sample was positioned
under the O-ring and placed on top of the cooling
system. The initial temperature of the circulation
system was 20 °C. A temperature sensor was em-
ployed to monitor the etching temperature at 10 min
intervals, with the recorded temperatures ranging be-
tween 9and 12°C throughout the etching process. An
AC of 100 mA with 50 Hz frequency was used and
monitored via a clamp meter to avoid the risk of clip-
ping incident during the process.22 Other important
parameters included a high-pressure mercury-vapour
lamp (Hg-HPVL) as the light source, platinum (Pt) as
the counter electrode, and 4% of potassium hydrox-
ide (KOH) solution as the etchant. The manipulated
variable in this study was the etching duration, with
increasing 15 min durations starting at 45 min; thus,
the etching durations of 45, 60, 75, and 90 min
were chosen, with reference to prior studie s.10,23–25

A short 45-min etching duration has been shown to
be sufficient for producing a porous structure, while
prolonged etching durations, for example, 90 min,
have been reported to yield high-quality porous struc-
tures. The cooling system was turned on for 5 min
before starting the PEC to ensure that the GaN wafer
was in a thermal equilibrium as the cooling fluid
flowed beneath the sapphire substrate of GaN. The
sample was rinsed and immersed in an ultrasonic
bath filled with DI water for post-etching. Only one
sample, with no repetition, was fabricated for each
etching condition. However, multiple analysis spots
were selected within the same etched area of 0.503

cm2 for characterisation to ensure representative and
reliable measurements.
The surface morphology of the samples was

analysed using an Extreme High-Resolution
Field-Emission Scanning Electron Microscope
(XHR-FESEM, FEI Verious 460L, United States,
2015). For porosity estimation, this study utilised
grayscale thresholding analysis on top-view FESEM
images using ImageJ software. To improve reliability,
measurements were performed on three different
regions of each sample, and the average porosity
along with the standard deviation was reported.
Surface roughness and pore depth with the scan
area of 5 × 5 µm were analysed using an Atomic
Force Microscope (AFM) (Dimension Edge, Bruker,
German, 2011). To ensure consistency in pore depth
measurements, line scans were performed at 10
different locations within a 5 × 5µm porous region
using the Nanoscope Analysis software. The average
depth from these scans was used as a representative
value for each sample. Although this method did
not yield absolute pore depths, it provided a
reliable basis for comparative analysis of surface
morphology across different etching durations.
A Raman Spectrometer (Renishaw inVia Raman
Microscope) was used in this study to analyse the
optical characteristics of the samples. The crystalline
properties of the GaN film was identified using a High
Resolution X-Ray Diffractometer (HR-XRD), model
Bruker D8 Discovery, with λ = 1.5406 Å of Cu-Kα1.
The phase analysis (2θ scan mode) and rocking
curve (ω scan mode) were performed. After the
characterisation analysis, MSM photodetectors are
fabricated by depositing Pt on top of GaN samples,
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Fig. 3. FESEM images of as grown and porous GaN sample under different etching durations at 2µmof (a, c, e, g, i) and 200 nm of (b, d, f, h, j).

as seen in Fig. 2(d), using an E-Beam Evaporator,
model ULTECH SEE-5S (metal). The deposition was
conducted under 5 × 107 Torr of pressure at room
temperature with substrate rotation of 100 rpm.
The deposition rate was approximately 0.5 Å/s
and the thickness of Pt was 100 nm. As-grown and
optimised porous Si-doped GaN samples undergoing
current-voltage (I-V) characterisation under different
light illuminations were included to investigate the
effectiveness of this method. The optimised sample

was chosen based on the morphological, structural,
topographical, optical enhancements, and crystalline
quality of the sample.

Results and discussion

The top oblique FESEM images of Si-doped GaN
etched under different durations are illustrated in
Fig. 3(a) to 3(i). Fig. 3(a, c, e, g, and i) show the im-
ages at 25k magnification, while Fig. 3(b, d, f, h, and
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j) show the images at the high magnification of 250k.
The as-grown samples showed a level surface with no
pores. When the current was set to 100 mA, all porous
samples showed a similar network morphology with
nanocoral-like pores. At higher magnifications, the
morphology revealed deeper pores that penetrated
deep into the GaN layer, forming nanotunnel-like
pores. Fig. 3 also shows differences in pore size and
porosity for all porous samples at 25k magnification.
The 60-min sample showed the highest porosity at
59.27%, followed by the 90-, 75-, and 45-min sam-
ples with porosity at 58.32%, 57.33%, and 53.94%,
respectively. This result may be due to the 60-min
sample having a uniformly distributed pore shape
and pore size. It was observed that the pore sizes of
these samples continued to increase as the etching
duration was increased. Another research obtained
similar morphology when the etching duration was
increased.26

A similar observation was also reported by Zhang
et al. who obtain the foam like GaN structure with
comparable pore pattern.27 This study suggests that
etching at different etching durations affected the
pore morphology, including the pore size, pore shape,
and percentage porosity.
The Si-doped GaN samples were subjected to an

AFM analysis, with a scanning area of 5 × 5 µm in
their as-grown state, and after being etched at various
durations to create nanoporous structures. Fig. 4(a, c,
e, g, and i) display 2D images on the left, and Fig. 4(b,
d, f, h, and j) show 3D images on the right for each
sample.
The as-grown sample has the lowest Root Mean

Square (RMS) surface roughness, measuring at 2.2
nm, due to its relatively uniform surface, with a
distribution of hillocks and no detectable cavities.20

This result was consistent with the corresponding
FESEM images and porosity data. The 2D data for
porous samples matched the findings observed in FE-
SEM images that showed the nanocoral-like pores.
Fig. 5(a) presents a graph that illustrates the corre-
lation between the estimated porosity obtained from
the FESEM images and the RMS surface roughness
obtained from the AFM analysis, as a function of etch-
ing duration. This graph demonstrated that surface
roughness was not directly influenced by porosity.
The 45-min sample has the highest surface rough-
ness, measuring at 70.6 nm. The reduction in surface
roughness starting from 45-min of etching may be
attributed to the coalescence and reorganisation of
the pore structure, whereby the merging of adjacent
pores reduced surface irregularities and resulted in
a smoother surface.28 The relationship between pore
depth and RMS value, as displayed in Fig. 5(b), shows
no significant difference, which indicates that the
pore depth is almost uniform across the samples. This

observation proved that the porous structure has a
uniform morphology and average pore depth.
The structural characteristics of the as-grown and

porous Si-doped GaN films were further analysed us-
ing HR-XRD. The phase analysis of the 2θ scan range
from 30° to 80°, as illustrated in Fig. 6, reveals the
presence of hexagonal GaN phases oriented in the
(0002) and (0004) planes (International Centre of
Diffraction Data (ICDD) file no. 00-050-0792) across
all GaN samples, along with diffraction peaks corre-
sponding to sapphire (ICDD file no. 01-073-1512).
This could be due to the GaN surface interacting
with oxygen, leading to the formation of Ga2O3.The
sapphire substrates in the examined films were the
source of the sapphire peak detection. The detection
of sapphire substrate could be attributed to imperfect
cutting and polishing, resulting in a minor misalign-
ment between the substrate surface and its crystalline
planes.29 An extra diffraction peak linked to β-Ga2O3
(ICDD file no. 01-074-1776) was also observed in
the 60-min sample. The crystalline quality of the
Si-doped GaN samples is analysed using the rock-
ing curve analysis for the omega scans of the 0002
and 101̄2 orientations, as illustrated in Fig. 7(a) and
7(b), respectively. The scan results, including peak
position, full width half minimum (FWHM), and cal-
culated interplanar spacing (d) using Eq. (3), are
shown in Table 1.16

nλ = 2d sin θ (3)

Where d is interplanar spacing, the reflection order
is n = 1, incident wavelength of 1.5406 Å of Cu-Kα1,
and θ incident angle of 90°.
Despite having varied FWHMs, all samples dis-

played peaks at approximately 17° for the symmetric
scan mode and at approximately 23° for the asymmet-
ric mode. The 90-min sample has the lowest FWHM
value of 0.0822° for the symmetric plane, whereas the
75-min sample has the lowest value of 0.1085° for the
asymmetric plane. A decreased FWHM value could in-
dicate enhanced crystallinity in the material.30 Based
on the data in Table 1, the lattice constant and
dislocation density are computed and displayed in
Table 2. Lattice constants, c and a, are calculated
using Eqs. (4) and (5), respectively:16

c =
λl

2sinθ
(4)

1
d2

=
4
3
h2 + k2 + hk

a2
+
l2

c2
(5)

where c is the lattice constant along the z-axis, a is
the lattice constant along the x-axis, while h, k, and
l are the Miller indices, with incident wavelength of
1.5406 Å of Cu-Kα1 and θ incident angle. The linear
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Fig. 4. 2D (a, c, e, g, i) and 3D (b, d, f, h, j) AFM micrographs of as grown and porous GaN under different etching duration.

defects in GaN crystals for both as-grown and porous
samples, namely for Nscrew and Nedge, are graphically
depicted in Fig. 8, as calculated using the following
Eqs. (6) and (7), respectively.31,32

Nscrew =
β2(0002)

4.35 × b2screw
(6)

and

Nedge =
β2(101̄2)

4.35 × b2edge
(7)

where Nscrew, Nedge, β(0002), β(1012), bscrew, and
bedge are the screw dislocation density, edge disloca-
tion density, ω-scan FWHM of (0002) plane, ω-scan
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Fig. 5. The correlation of etching duration of porous of GaN sample and (a) estimated porosity with RMS surface roughness, (b) RMS

surface roughness with pore depth.

Fig. 6. HR-XRD of 2θ scan of as grown and porous Si-doped GaN at different etching durations.

Table 1. Peak position, FWHM and interplanar spacing HR-XRD of as grown and porous Si-doped GaN.

0002 101̄2 dhkl

Sample Peak (°) FWHM (°) Peak (°) FWHM (°) 0002 101̄2

As Grown 17.664 0.0832 24.169 0.1088 0.2539 0.18819
45 min 17.195 0.0856 24.104 0.1110 0.2606 0.1886
60 min 17.273 0.0860 24.095 0.1115 0.2594 0.1887
75 min 17.123 0.0831 24.133 0.1085 0.2616 0.1884
90 min 17.650 0.0822 24.241 0.1109 0.2541 0.1876

FWHM of (101̄2) plane, c-type Burger’s vector, and
a-type Burger’s vector, respectively.
According to the mixed dislocation, which com-

bined the Nscrew and Nedge, all porous samples
demonstrated a dislocation density that was signifi-
cantly greater than that of the as-grown samples. This
analysis demonstrated that this approach has caused
a slight defect in the GaN crystals. Nonetheless, the
values of Nscrew and Nedge for each sample remained

within the range suggestive of the high crystalline
quality of GaN, which was characterised by the dislo-
cation densities ranging from 105 to 108.33 The values
of Nedge were significantly higher than the values of
Nscrew for all samples, which were also observed by
another research.20

The optical characteristics of the Si-doped GaN
samples were analysed using Raman spectroscopy.
Fig. 9(a) illustrates the Raman spectrum extending
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Fig. 7. HR-XRD of as grown and porous Si-doped GaN at different etching durations of a) of ω scan mode of 0002 and b) 101̄2.

Table 2. Lattice parameter, and dislocation density of HR-XRD analysis of as grown and porous

Si-doped GaN.

Lattice parameter Dislocation density (cm-2)

Sample c (Å) a (Å) Nscrew (x 108) Nedge (x 108) Ntotal (x 108)

As Grown 5.077 3.236 1.88 7.92 9.80
45 min 5.212 3.156 1.89 8.66 10.6
60 min 5.189 3.174 1.93 8.64 10.6
75 min 5.232 3.136 1.77 8.38 10.1
90 min 5.082 3.212 1.83 8.35 10.2

from 350 to 850 cm–1, and Fig. 9(b) displays the
E2 (high) and E1 (TO) focused ranges. The identical
phonon detected in Si-doped GaN exhibited varying
intensities, specifically involving E2 (high), E1 (TO),
and A1 (LO). All phonon modes agreed with the
Raman selection rules of wurtzite GaN.26 Table 3
presents the peak positions, peak shifts, and rela-
tive intensities of all Si-doped samples etched under
different etching durations. No peak shift was ob-
served in the E2 (high) phonon mode, showing that
all porous samples etched under varying durations
exhibited no stress change compared to the as-grown
samples. The absence of the displacement of positive
and negative charges within the unit cells could likely
account for the E2 vibration mode being classified
as non-polar.34 Relative intensity is observed in all
porous samples, as depicted in Fig. 10.
The 60-min sample has the highest intensity, while

the as-grown sample displayed the lowest intensity.
The 45-min sample has a higher surface roughness
based on the RMS surface roughness measurement
in AFM. Nonetheless, the Raman spectra have shown
that the highest surface roughness would not ensure
the highest intensity of Raman analysis. This could
be attributed to the significant lattice and thermal
mismatches between the substrates and the epitax-
ial layer, resulting in increased defect density and

Fig. 8. The correlation of screw dislocation, edge dislocation and

etching durations.

substantial biaxial stress, which in turn influenced
the phonon scattering frequency.34 Nonetheless, the
accumulation of excessive etching residues on the
porous surface may be a contributing factor to the
deterioration of light scattering from the pore side
walls.19

The as-grown and 60-min samples were chosen
to undergo the I-V measurement for comparison.
Fig. 11(a) shows the I-V characteristic graph of
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Fig. 9. The Raman spectra of as grown and porous Si-doped GaN samples etched under different durations of (a) full spectra and (b) short

spectra focused on E2 (high) and E1 (TO).

Table 3. Peak position, intensity, peak shift, and relative intensity of Raman analysis of Si-doped GaN samples.

E2 (high) A1(LO) E1(TO)

Sample Peak position (°) Intensity (a.u) Relative intensity Peak position (°) Peak shift (°) Peak position (°)

As Grown 569.47 40298.17 1.00 736.57 – –
45 min 569.47 49940.33 1.24 737.59 1.02 –
60 min 569.47 51230.85 1.27 738.61 2.04 –
75 min 569.47 42460.09 1.05 735.55 1.02 560.06
90 min 569.47 45013.93 1.12 736.57 – 560.06

Fig. 10. Relative intensity of porous Si-doped GaN under different

etching durations subjected to as grown for E2 (high) phonon mode.

Si-doped GaN samples under the illumination of a
room and dark environment. The dark and photo
currents for Si-doped GaN-basedMSM photodetectors
were measured under room light and dark conditions,
respectively. The porous sample has a considerably
larger current at 5 V than the as-grown sample. The
same phenomenon is observed under different light
illuminations, as illustrated in Fig. 11(b) and as listed
in Table 5.

Under light illumination at different wavelengths
(469.0, 560.3, 577.0, and 632.9 nm), the pho-
tocurrent response of the etched samples showed
a significant increase, demonstrating the photocon-
ductive behaviour of the MSM photodetector. The
highest photocurrent was observed in the 60-min
etched sample, particularly at shorter wavelengths of
blue illumination, indicating enhanced carrier gen-
eration and separation due to the increased surface
area and porous structure. The increased photocur-
rent after etching could be attributed to the higher
number of active sites for photon absorption, which
enhanced carrier excitation and collection at the
metal-semiconductor junction.21 However, the cur-
rent gain of the porous sample, as presented in
Table 4, is slightly lower than the as-grown sample
under all light illuminations, which has less current
generated per photon, indicating limited sensitivity
and responsiveness.35

The dark current of the as-grown sample exhibited
a relatively low value, indicating minimal leakage
current and a high-quality Schottky contact for-
mation between Pt and GaN. However, after the
sample underwent 60min of etching, the dark current
was increased, suggesting the introduction of addi-
tional defect states and surface states that may have
contributed to the increased carrier recombination
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Fig. 11. I-V characteristics of fabricated MSM photodetector on as grown and porous Si-doped GaN sample under (a) photo and dark

illumination, (b) blue, green, yellow and red illumination.

Table 4. Current and Current Gain of I-V characteristic of Si-doped GaN MSM photodetector.

Sample Current at 5V (A) Current Gain at 5V (A) Ideality factor, (n) SBH (eV)

As Grown (photo) 0.979 × 10–2 1.121 40.155 0.7040
As Grown (dark) 0.873 × 10–2 40.151 0.7037
60 min (photo) 3.440 × 10–2 1.043 40.176 0.5745
60 min (dark) 3.298 × 10–2 40.176 0.5743

Table 5. Current at 5V of as grown and porous Si-doped GaN sample under blue, green, yellow and red illumination.

Environment Wavelengths (nm) Sample Current at 5V (A) Current Gain at 5V (A) Ideality factor, (n) SBH(eV)

blue 469.0 As Grown 0.865 × 10–2 0.991 40.155 0.7039
green 560.3 0.843 × 10–2 0.966 40.155 0.7041
yellow 577.0 0.843 × 10–2 0.966 39.853 0.7043
red 632.9 0.832 × 10–2 0.953 40.164 0.7047
blue 469.0 60 min 3.356 × 10–2 0.976 40.176 0.5746
green 560.3 3.118 × 10–2 0.906 40.585 0.5863
yellow 577.0 2.664 × 10–2 0.774 40.172 0.5750
red 632.9 2.603 × 10–2 0.757 40.172 0.5750

and tunnelling effects.36 The ideality factor (n) was
observed to be higher in the etched sample com-
pared to in the as-grown sample. This observation
suggested the presence of additional charge trans-
port mechanisms, such as trap-assisted tunnelling
and defect-related recombination.36 The Schottky
barrier height (SBH) of the 60-min sample was rel-
atively low, indicating efficient carrier transport at
the metal-semiconductor interface. The post-etching
enhancement in photocurrent across all wavelengths
confirmed that porosity has played a crucial role in
improving light absorption and carrier transport.

Conclusion

The Hg-HPVL-assisted ACPEC etching of GaN films
was conducted in this study using a KOH elec-
trolyte solution at various etching durations (45,
60, 75, and 90 min) under low temperature condi-

tions. The findings revealed notable effects of etching
duration on the porous morphology, as well as on
the structural and optical properties of the samples.
The surface morphology exhibited nanocoral-like and
nanotunnel-like pore shapes, alongside multilayer
structures. The AFM analysis further demonstrated
significantly enhanced surface roughness among the
etched samples compared to among the as-grown
GaN samples, which also tallied with the porosity
in the FESEM images. The XRD result showed that
the dislocation density was in an acceptable range.
Meanwhile, the optical properties of the samples,
as assessed using Raman spectroscopy, indicated a
substantial improvement in intensity in all porous
samples in the E2 (high) phonon mode. The fabri-
cated device of the MSM photodetector for porous
samples showed a higher current at 5 V compared to
the as-grown samples in illuminated environments.
Although the etching process introduced additional
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structural defects, such as increased dislocation den-
sity and dark current, the nanostructured porous
GaN samples demonstrated improved performance in
terms of light absorption and photogenerated cur-
rent under UV illumination. Their enhanced surface
area and porous morphology promoted more effi-
cient photon trapping, leading to a net increase in
photocurrent. These improvements could particularly
be beneficial for MSM photodetector applications.
Therefore, the term “enhanced performance” in this
work refers specifically to the functional optoelec-
tronic response, rather than the overall structural
perfection. In summary, the utilisation of low-cost
Hg-HVPL-assisted ACPEC etching method at low tem-
peratures has proved to be effective for fabricating
porous structures with significant enhancements, in
terms of porosity, surface roughness, and optical
properties compared to as-grown samples. Thus, this
method would be suitable for the fabrication of
porous GaN-based photodetectors.
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( GaNالنقش الكهروضوئي المتناوب منخفض الحرارة لنتريد الغاليوم )
المطعم بالسيليكون: تصنيع البنى النانوية لتحسين أداء كاشف  nمن النوع 

 MSMالضوء 

 
 

، ⁴مختار، نور ميزاتول أزرا ³، ألهان فرَْحانة عبد الرحيم³، روسفاريزا رَدزالي²، أينورخيϼه محمود¹نور إيواني نور إزاهام
 ⁶، ناصر محمود أحمد⁵مهاية تون دايانا يوهان أوي

 

 .كلية العلوم التطبيقية، جامعة التكنولوجيا مارا، شاه علم، سϼنغور، ماليزيا¹

 .فرع بينانغ، برماتانغ باوه، ماليزيا –قسم العلوم التطبيقية، جامعة التكنولوجيا مارا ²

 .فرع بينانغ، برماتانغ باوه، ماليزيا –جامعة التكنولوجيا مارا دراسات الهندسة الكهربائية، كلية الهندسة، ³

 .فرع بينانغ، كِباϻ باتاس، ماليزيا –كلية العلوم الصحية، جامعة التكنولوجيا مارا ⁴

 .كلية الفيزياء، جامعة العلوم الماليزية، ميندن، ماليزيا⁵

 .بغداد، العراققسم هندسة الليزر واϹلكترونيات الضوئية، كلية جامعة دجلة، ⁶
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 الملخص

المسامي المطعم͉ بالسيليكون باستخدام تقنية النقش الكهروضوئي بالتيار المتناوب  (GaN) تتناول هذه الدراسة تصنيع نتريد الغاليوم
جرى تحليل  .MSM ، وذلك عند مدد نقش مختلفة، بهدف تحسين أداء كاشفات الضوء من نوع(ACPEC) منخفض الحرارة

 (Hg-HPVL) واط 400المسامية باستخدام مصباح بخار الزئبق عالي الضغط بقدرة  GaNالبنيوية والبصرية لعينات الـالخصائص 

لتقييم أداء  (I-V) الجهد–كما أجُريت قياسات التيار .Hz 50وتردده  mA 100%، مع تيار متناوب شدته 4بنسبة  KOH وإلكتروليت
للعينات المنقوشة عن  FESEM كشفت صور المجهر اϹلكتروني الماسحن. بالبϼتيالمطلية  GaN المصنوع من عينات MSM كاشف

زيادة ملحوظة في خشونة  AFM تكوّن مسام شبيهة بالشعاب المرجانية وأنفاق نانوية، بينما أظهرت طبوغرافيا مجهر القوة الذرية
إلى نجاح  (RMS) المسام وقيم خشونة الجذر التربيعي السطح مقارنة بالعينات غير المنقوشة. وأشار الفارق الطفيف بين متوسط عمق
وأظهر تحليل مطيافية رامان للعينات المنقوشة حدوث  .تشكيل بنية نانوية شبيهة بالشعاب المرجانية ذات عمق متجانس وموزع بانتظام

نقش المختلفة مقارنة بالعينات عبر مدد ال E2 (high) ، باϹضافة إلى زيادة في شدة قمةA1 (LO) انزياحات في أطوال موجات قمة
في جميع العينات. إضافةً إلى ذلك،  zو x وجود كثافة إزاحات على المحورين XRD غير المنقوشة. كما أكّد تحليل حيود اϷشعة السينية

بيئية  عن ارتفاع التيار في جميع العينات المسامية مقارنة بالعينات غير المنقوشة تحت ظروف MSM لكاشف I-V كشفت قياسات
وتشير هذه النتائج إلى أن النقش الكهروضوئي بالتيار المتناوب منخفض الحرارة يعُدّ نهجًا فعاϻً في تصنيع نتريد الغاليوم  .متعددة

 المسامي ذي التيارات العالية، مما يجعله مناسباً لتطبيقات كاشفات الضوء.
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