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ABSTRACT

In this study, we prepared PSi using the laser-assisted electrochemical etching method and deposited Gallium nitride (GaN) on the PSi
substrate using the pulsed laser technique at different pulsed laser wavelengths (1064, 532, and 355 nm). We investigated the optical,
structural, topographical, and morphological properties of Gallium Nitride on the substrate PSi by various pulsed laser wavelengths.
The X-Ray Diffraction (XRD) analysis revealed that gallium nitride on PSi was polycrystalline and hexagonal, cubic structural at 532 nm,
with a high peak intensity and crystallite size at 26=36.96°and 57.80 related to (101) and (110) planes, respectively, while the c-GaN
phase is observed at 26 = 25.43 degrees and is reflected from the (200) plane. PL shows two emission peaks were observed for the GaN
film (430,345,413 nm) and the PSi substrate (867,891,876 nm), and the energy gap increased as the wavelength decreased. The field
emission scanning electron microscopy (FESEM) pictures revealed that the synthetic sample had an average size of 24.45, 23.91, and
21.30 nm, and the nanoparticles appeared spherical and similar to cauliflower. The atomic force microscopy (AFM) results showed that
the average roughness was 7.62, 10.64, and 13.62 nm, respectively, and it was observed the root mean square increased as a result of
the uniform distribution of high-quality crystals and the excellent quality of the crystal structure. The UV-Visible (UV) results showed

that the transmission decreased with a decrease in wavelength, and the absorption was inversely proportional to the transmission.
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1. INTRODUCTION

The physical characteristics of gallium nitride (GaN), which
include strong thermal conductivity, a broad and direct
band gap, and low compressibility, have attracted a lot of
attention recently. It is an appealing material for use in
optical devices because of these qualities [1-4]. GaN
technology can operate under challenging conditions [5, 6].
GaN is a very strong and stable semiconductor material
with a broad bandgap of 3.4 eV, which makes it perfect for
many applications, including sensors [7-9], field effect
transistors (FETs) [10-12], and light-emitting diodes
(LEDs) [13-15]. Additionally, because of its excellent
thermal conductivity and large heat capacity, it is
appropriate for high-power electrical equipment. Due to
their potential application in solid-state lighting, the
optical characteristics of GaN nanostructures have also
drawn a lot of attention [16-18]. GaN is an overall
promising material for a variety of technological
applications thanks to its unique features. It is a promising
contender for optoelectronic devices because of the
straight bandgap. Additionally, new possibilities in
chemical and biochemical sensing are made possible by the
electronic structure's sensitivity to the physical and
chemical characteristics of the GaN surface [19-22].

Despite being widely available and reasonably priced,
silicon is inadequate for electronic systems that need to
function in harsh conditions or demand high power
throughput because to restrictions caused by its extremely
modest bandgap (1.1 eV) [23-25]. As a result, there is an
increasing need for substitute semiconductors that can
satisfy these needs. One such semiconductor with
characteristics that enable it to work in these
circumstances is GaN [26-29]. It is more suitable for high-
power and high-temperature applications due to its larger
bandgap and greater breakdown voltage than silicon. As a
result, it has drawn interest as a possible silicon substitute
in several electrical devices in recent years [30-32].

GaN thin films are being made using both physical and
chemical deposition by vapors (CVD) techniques, including
the epitaxy of the molecular beam, low-pressure, pressure
atmospheric, metal-organic, plasma enhanced, and the hot-
wire, also the deposition using vapor techniques, like laser
deposition by pulsed (PLD), are all being used to deposit
GaN Nano-films [33-35].

Tunable Porosity: The optical and electrical properties of
porous silicon can be precisely controlled by fabricating it
with a broad variety of porosities, pore sizes, and pore
distributions. It is adaptable to various optoelectronic
device designs and operations thanks to its tunability.
High Surface Area: Due to silicon's porous structure, which
significantly expands its surface area, it may interact with

77



International Journal of Nanoelectronics and Materials (IJNeaM)

light more effectively and have higher sensitivity in sensor
applications. Additionally, the effective charge transfer in
solar cells and photodetectors is made possible by this
large surface area. Porous silicon has distinct optical
characteristics[36-38]. Because of  its unique
characteristics, such Optical Properties: By modifying the
pore structure and surface chemistry, porous silicon can
display a variety of unique optical properties, such as
photoluminescence. These optical characteristics are
utilised in optical sensors for imaging and detection
applications as well as in light-emitting devices like LEDs.
Compatibility with Silicon Technology: By utilising the
current infrastructure and knowledge in silicon
technology, porous silicon can be easily integrated with
traditional silicon-based fabrication techniques. The
creation of hybrid devices and integrated optoelectronic
systems is made possible by this compatibility. [39-41].
Biocompatibility: Because porous silicon is biocompatible,
it can be used in biosensors. Its optical and electrical

properties, along with its biocompatibility, present
prospects for improved medical diagnostics and
treatments. All things considered, porous silicon's

remarkable qualities make it an extremely promising
material for a variety of optoelectronic applications,
spurring continuous research and development efforts to
realise its full potential in a number of disciplines. The
purpose of this study was to examine the use of a solid-
state Nd:YAG pulsed laser in the Pulsed Laser Deposition
(PLD) process to deposit a Nan-GaN layer onto PSi
substrates while taking into account different preparation
factors. The primary focus of this work was the effect of
different PLD wavelengths on the optical (PL, XRD, and
EDS), structural (XRD, and EDS), morphological (AFM,
FESEM), and performance features of the GaN structure on
a PSi substrate.

2. METHODOLOGY
2.1 PSi Substrate Preparation

By using the diode laser-assisted photoelectrochemical
etching approach, silicon wafers (n-type) with a single side
polished Mon crystalline, 500m thick, 0.001-0.005 Q/cm
electrical resistance, and (111) orientations were used to
create PSi substrates at room temperature. The digital
multimeter (China, Victor Inc.,, VC97), the wavelength is
660 nm, the power is 100 mw (China, Tongtool Inc.), and
the electrolyte solution is 48% hydrofluoric acid (German,
Thomas Baker) and 99.9% ethanol (German, Honeywell
Corporation). The DC power supply ranges from 0 to 30V
(China, Jiuyuan). The silicon wafers were divided into tiny
fragments, each measuring one. After using ethanol to
clean these parts, we dried them. Next A synthetic etching
electrolyte solution made of a combination of concentrated
hydrofluoric acid (48%) and ethanol (99.9%) was used to
submerge the A silicon wafer.The wafer was exposed to a
current density of 10 mA/ for ten minutes while it was
submerged. We produced PSi substrate by utilising a 100-
mW laser diode with precise control over the intensity and
spot size, we can optimise the formation of a porous
structure on a silicon substrate when using hydrofluoric
acid for etching. By adjusting the intensity (I) and duration

of the laser exposure, you can control the depth and
density of the porous structure. Higher intensities or
longer exposure times can create deeper and denser
porous layers. The intensity of the laser spot can be
calculated using a law:

Intensity (I) = Laser Power (P) / Beam Area (A).

Additionally, we employed silicon as the anode and a
fluorine cell with 95% pure platinum electrodes (from
Turkey) as the cathode during the process, as shown in
Figure 1. Illustrates in Table 1 the characteristics of the
laser-assisted top-down photo electrochemical etching
technique used to make PSi.

HEL0% L ETHE%

Siwaker

Figure 1. A schematic of the photo electrochemical etching
technique used to create PSi substrates.

Table 1 Lists of process parameters for electrochemical etching

induced by lase
Power of
Etching | Concentration | Current |Wavelength| the
time of HF density | of the laser | induced
(Minte) (mA/cm2) (mw) laser
(mw)
10 48% 10 600 100

The PSi was carefully put in a Teflon cell and sealed,
following which the electrolyte was added and the power
supply was turned on. The current density was measured
using a multimeter and controlled by adjusting the voltage
of the power supply to maintain a fixed current of 10 mA/s
(as the current changes during the process). The moment
the power supply was turned on, the timer was set to
begin. Figure 2 shows images of the prepared PSi, taken
under natural light and near UV light, respectively.
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Figure 2. Porous silicon prepared, a) under natural light, b)
under near UV light.

2.2 GaN Target Preparation

The purity of the PLD target, which is made of GaN, is
99.9%, and it was purchased from Technologically
University. The diameter of the target is 2.5 c¢cm, and its
thickness measures 5 mm.

2.3 GaN Films are Prepared by PLD

The PLD setup typically includes a pulse laser, avariac,
thermometer, and a container that is completely insulated
to help stop any gas from starting to leak out. There are
two openings that work on the air flow and are governed
through tubes; one of these openings is for the vacuum
pump, and the other is for the insoluble gas. This container
contains a halogen lamp 600 w, a platform on which the
substrate is fixed (and which is spaced from the target by 2
to 10 cm), a spinning stand on which the material is fixed,
and power connections. Figure 3 depicts the PLD system
applied to this work. The substance is removed when the
high-energy pulsed laser beam concentrates on it. The
target is mounted on the platform; it spins to avoid
colliding in the same place, and to ensure the best removal,
the laser impacts the target at a 45-degree angle. [42-44].
At the beginning of the laser pulse, a significant vapor layer
will appear in front of the target. This vapor will absorb
energy, which will lead to high temperature and pressure,
and this will lead to partial ionization. Increasing the rise
pressure causes this layer to expand, forming a cloud
known as the plasma column. Throughout smoke
formation, the internal ionization and heating energies of
the molecules are converted into kinetic energy [45-47]. In
this work, Nd: YAG lasers were utilized at different
wavelengths (1064nm, 532 nm, and 355 nm) to determine
the ideal wavelength to create GaN films with excellent
homogeneity and regular distribution of the particles, as
shown in figure 2. Parameters used in PLD are shown in
Table 2.
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ﬂ pressure of 10 ~"mbar ' Aotating
Nd:YAG Laser Sheges
= \/ - é : holder
) N
—_— —
Vacuum system 7 I Temp. Monitor

Figure 3. The schematic design for the PLD process using GaN on
a PSi substrate at several wavelengths (1064, 532, and 355 nm).

Table 2 Lists of PLD parameters for using GaN on a Psi substrate

Parametell“s';l ;): IFhe pulsed The values
Wavelengths of the pulsed Laser 1064nm,532nm,355nm
Energy of the pulsed Laser 2000 m]
Duration of the pulse 10 ns
Frequency of the pulsed Laser 220v
Substrate PSi, quartz
Substrate temperature 300°C

Following the completion of the deposition process, every
PSi substrate that has GaN coated on it is put through
screening procedures to find the best outcome for various
wavelengths from the United States of America (TT-2
Workshop Company). X-ray diffraction (XRD) from Japan
(XRD6000 Shimadzu Company) with copper radiation of
1.54060 was used to assess the structural properties. The
topographical features were evaluated using high-
resolution microscopy (AFM), and the morphological
attributes were evaluated using field emission scanning
electron microscopy (FESEM) from Germany (ZEISS
Company). The Perkin Elmer Company in the USA
provided photoluminescence (PL) for testing the
spectroscopic properties.

3. RESULT AND DISCUSSION
3.1. Crystalline Characteristics (XRD)

Figure 4 shows the XRD pattern that illustrates the
crystalline properties of the PSi substrate. The X-ray
diffraction (XRD) pattern for the sample was collected
within the 26 range of 26° to 30°, and no diffraction signals
were detected beyond 20 = 30°. This indicates that the
crystal structure of the sample did not exhibit any
reflections at angles greater than 30°. From the XRD
pattern, one distinct peak is observed at 26 angles of 28.4°
which are reflected from (200) crystal planes of the PSi
substrate by comparing the observed peaks in the
diffraction pattern with the known peaks of The crystal
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structure of silicon may be determined and verified using
the standard silicon (JCPDS card 27-1402). We provided
the structural details of the substrate of the PSi described
in Table 3. By using the Scherrer equation to calculate the
size of the crystals (D) [48].

D= KA/ B cos 8 (1)

Where:

B: full width half maximum of XRD pattern, K (constant
Scherer):0.9, A is the x-ray wavelength, 6: is Bragg’s angle
in degree.
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Figure 4. The prepared PSi substrate's XRD pattern.

Table 3 Lists of the PSi substrate XRD properties

Orientation Angle of the The size of
diffraction in FWHM Crystallite
of GaN (hkl) .
Degree (D) in nm
200 28.4 0.5 17.17

Figure 5 represents the X-ray diffraction patterns of GaN
applied on a PSi substrate at various wavelengths of 1064,
532, and 355 nm, with a constant energy of 2000 m] and a
temperature of 300 C°. Diffraction signals are seen in the X-
ray diffraction pattern between 20 and 70 degrees of 26,
but no peaks are visible after 70 degrees. X-ray analyses
reveal a polycrystalline structure due to the different
peaks at diffraction patterns (200), (101), and (110)[49].
In the figure 5 (a, b, ¢) at 1064 nm,532nm,355nm, peaks
corresponding to both the h-GaN and c-GaN phases are
observed, h-GaN nanoparticles are observed at 26 = 36.88
and 57.80 degrees, corresponding to the (101) and (110)
planes, respectively. The results are identical to the card
number (JCPDS card No 50-0792). while the c-GaN phase is
observed at 20 = 25.43 degrees and is reflected from the
(200) plane, according to [49], as seen in Table 4. The
crystallographic texture was prominent on the (101) plane.
The GaN film quality and surface morphology were
improved as a result of the high peak intensity at 532 nm.
Using Debye-Scherrer's formula (2), the average grain size
has been determined from the XRD pattern [50].

GS=09A/BcosH (2)

A is the wavelength of the X-rays, B is the full width at half
maximum (FWHM). 0: is Bragg’s angle in degree.
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Figure 5. The XRD patterns of the produced GaN/PSi at several
laser wavelengths, including 1064 nm, 532 nm, and 355 nm.

Table 4 Lists of the XRD properties of GaN/PSi that were
created using various laser wavelengths

The angle
o elfllslgctihs Orientations diffrgztion ngséa(%)te
P of GaN (hkl) : FWHM
Laser (nm) in (nm)
(degree)
200 25.95 0.37 22.54
1064
101 36.96 0.44 19.33
110 57.80 0.42 20.25
200 25.95 0.46 18.22
532
101 36.96 0.36 22.89
110 57.80 0.52 16.34
200 25.95 0.53 15.54
355
101 36.96 0.36 22.56
110 57.80 0.65 12.66

3.2 AFM Surface Topography

Figure 6 displays the PSi substrate produced by the
electrochemical etching induced by laser was examined
using surface topography analysis employing 3D AFM.
Oval-shaped particles with varied heights and a vertical
orientation were visible on the surface of the PSi. Table 5
lists the AFM settings for the substrate of PSi.
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Figure 6. A 3D image of the AFM of a PSi substrate created using
an Electrochemical etching induced by laser.

Table 5 Lists of the PSi substrate' produced AFM parameters

Applied Current Root-mean- Ssurface
Density in square in nm roughness
mA/cm? “Average” in nm
10 2.72 9.49

Figure 7 represents the topography of the generated GaN
nanofilms on PSi substrate at various wavelengths (1064
nm, 532 nm, and 355 nm) along with three-dimensional
AFM images and grain size distribution. Sharp, irregularly
shaped particulates are not uniformly distributed across
the surface of a GaN film deposited at 1064 nm. The
measured surface roughness was 7.62 nm, with an RMS of
2.20 nm. When the laser wavelength was decreased to 532
nm, the GaN film's surface topography altered. As severely
angular particles were observed, the surface roughness
and RMS increased to 10.64 nm and 3.43 nm, respectively,
while oval particles were evenly distributed across the
entire surface. When the laser wavelength was decrease to
355 nm, the sharper oval particulates were observed, but
not the entire surface, and the surface roughness and RMS
increased to 13.62 nm and 6.42 nm, respectively. Table 6
presents the parameters of FM for the Nano-GaN structure
grown at different wavelengths of the pulsed laser.
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Figure 7. GaN/PSi was produced at various laser wavelengths,
producing 3D AFM pictures and particle size dispersion.

Table 6 AFM characteristics for the GaN/PSi fabricated at various

laser wavelengths
Wavelengths of RMS Surface roughness
pulsed laser (nm) “Average” (nm)
(nm) 8
1064 7.62 2.20
532 10.64 3.43
355 13.62 6.42

3.3. The Morphological of the Surface “FESEM”

The surface morphology of porous silicon substrates was
examined using FESEM, which revealed the presence of
pores with a non-uniform distribution, as shown in Figure
8. The substrate of the PSi has pores of different shapes
and sizes morphologically and has an inhomogeneous and
nonuniform distribution of pores.
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Figure 8. FESEM picture of a PSi substrate that was produced by
photo-electrochemical etching with a diode laser.

The surface morphology of GaN films formed on PSi at
different wavelengths (1064 nm, 532 nm, and 355 nm) is
seen in the FESEM images.The formed GaN film at 1064 nm
in Figure.9 A-C shows a smooth and nonhomogeneous
distribution of spherical particles on the PSi surface and
cross section picture. The FESEM pictures showed
particles with a size of 24.51 nm. The GaN layer formed at
532 nm is seen in figures 9 D-F, covering the PSi surface
and cross section image with uniform, spherical particles
that resemble cauliflowers. At this wavelength the particle
size decreased to 23.92 nm. in numbers.9 G-I shows that
the Psi surface was covered by the GaN material, which
then created nonhomogeneous spherical particles with a
cross-section image and morphology resembling
cauliflower. The particle size is decreased to 21.30 nm at
this wavelength.

"3

s e LT Z,
'fgaN 851.6 nm

Figure 9. FESEM images of grown GaN film at different
wavelength of 1064 nm ,532nm,355 nm and cross section image.

3.4 Energy Dispersive X-ray Spectroscopy (EDX)

Energy Dispersive X-ray Spectroscopy (EDX) is a powerful
technique used for analyzing the elemental composition of
materials and providing information about the presence
and concentration of elements in films. The test EDX
spectrum of GaN nanoparticles under various wavelengths
(1064 nm, 532 nm, and 355 nm) is displayed in figure 10.
It is clear from the figure that there is a high peak of Si, a
very small peak of oxygen, and a ratio of [Ga] to [N].
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Figure 10. EDX spectrum of the GaN /PSi nano thin film at the
wave length 1064, 532, and 355nm.

3.5 Photoluminescence PL results

We performed room-temperature photoluminescence (PL)
measurements using a spectrometer covering a
wavelength range of 300-900 nm. A red luminescent band
with a peak at 810 nm was observed in the PL spectrum of
the prepared PSi, as shown in Figure 11. Using Eq. (3), we
calculated the energy gap of the PSi sample to be 1.53 eV.

E gap:hC/)L (3)
E gap the optical band gap of the prepared PSi, C the light
speed in air (3* 108 m/s), A wavelength, h for the Planck
constant (6.62* 10 -34 ] /sec).

PSi 819

intensity a.u,
N
v

300 400 500 600 700 800 900
Wave length (nm)

Figure 11. The photoluminescence of a PSi substrate that was
prepared using Electrochemical etching induced by laser with the
diode laser.

Figure 12 shows the photoluminescence spectra of GaN
films produced on PSi substrates, which were examined
utilizing laser wavelengths of 1064nm, 532nm, and
355nm. Interestingly, at 1064 nm, a low emission peak of
the PL in the bands of UV and an increase in the IR band
were detected at an energy gap of 2.88 eV, which can be
calculated using Equation (3). A significant high-peak
emission of the PL was recorded in the bands of the UV at

532 nm, while there was a drop in the IR band at the
energy gap of 3.59 eV. At a wavelength of 355 nm, low
emission peaks of the PL in the bands of the UV and an
increase in the IR band were seen at an energy gap of 3.00
eV. The same trend was observed with the wavelength’s of
1064 nm and 355 nm, indicating that the films possess
excellent optical properties across the ultraviolet range.
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Figure 12. The photoluminescence of GaN/PSi using laser
wavelengths of varying values.
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3.5. Ultraviolet-Visible Spectroscopy UV

In Figure 13, we present the transmittance of GaN
deposition on the quartz with different wavelengths of
1064, 532, and 355 nanometers. We observe that the
transmittance rate generally decreases as the wavelength
decreases because, when the wavelength decreases, the
energy of the photons increases, and as a result, the
ablation process on the target increases. This leads to an
increase in the deposition rate, which increases the
thickness of the membrane and reduces the transmittance.
On the other hand, absorption is inversely proportional to
transmittance and increases as the wavelength decreases.
The band gap values of a GaN thin film are approximately
3.41 eV, 3.46 eV, and 3.49 eV with wavelengths of 1064
nm, 532 nm, and 355 nm, respectively, which was
measured via the Tauc plot as shown in Figure 14.
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Figure 13. Percentage transmission/absorption versus
wavelength of GaN thin film at different wavelength.

—— 1064 nm ——532nm ——355nm

2.5E+14

2E+14

1.5E+14

(chv)?

1E+14

SE+13 /’//__
/é

1]

1.5 2 2.5 3 3.5 4 4.5 5

hw|ev)

Figure 14. A (hv) against pattern indicating the energy gap.

4. CONCLUSION

In this work, PSi and GaN/PSi samples were prepared
using a combination of photochemical etching and pulsed
laser deposition (PLD) methods. The Nd:YAG laser's
various operating wavelengths (1064, 532, and 355 nm)
have been studied to examine these effects on the
structure, topography, and spectral characteristics. The
findings demonstrated that the produced materials'
crystallinity increased as the laser wavelength decreased,
and we noted polycrystalline, hexagonal, and cubic
structures. According to the spectroscopic analysis's
findings, two emission peaks were visible: one in the near-
infrared band (at 867, 819, and 876 nm), which was
assigned to the PSi substrate, and another in the ultraviolet
band (at 430, 345, and 413 nm), which was attributed to
the GaN films. Additionally, the energy band gap of the
nano-GaN/PSi grew to 3.54 eV as the laser wavelength
reached 532 nm. The measurements of the FESEM for the
average size of the generated samples revealed that the
samples made with the wavelengths of the pulsed laser of
1064, 532, and 355 nm had average diameters of 24.51,
23.92, and 21.30 nm, respectively. The samples exhibited
the spherical shapes of the nanoparticles and the like
cauliflower shape morphology. Additionally, the AFM tests
were used to measure the roughness and root mean square
(RMS) values. The results indicated that the sample
prepared using a pulsed laser wavelength of 532 nm had
the largest roughness, and it also showed complete
encapsulation of all PSi-prepared pores. The results
showed that the transmission decreased as the wavelength
decreased, while the absorption increased with a decrease
in the energy gap.
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