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HIGHLIGHTS

ABSTRACT

e Grown GAN thin film had a hexagonal
crystalline structure and high-intensity peak
at the (002) plane.

o The absorption spectrum of grown GaN film
showed a high absorbance at a UV spectrum
0f 302.88, 435.26 nm.

e Three methods relations were used to
estimate the optical energy gap of prepared
P-Si substrate and grown GaN film.

o The optical energy gap of the P-Si substrate
was 2.1 eV, while the grown GaN thin film
had a multi-optical energy gap of 3.3 and
1.6 eV.
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The optical properties of a grown gallium nitride (GaN) thin film on a porous
silicon (P-Si) substrate was investigated. A Photo-electrochemical etching
method was used to synthesize the Psi substrate, and a physical deposition
method (pulsed laser deposition) of 1064 nm Q-switch Nd: YAG laser with a
vacuum of 1072 mbar was used to grow a thin layer of GaN on a prepared P-Si
substrate. X-Ray diffraction displayed that GaN film has a high crystalline nature
at the (002) plane. The photoluminescence of GaN film exhibited ultraviolet PL
with a peak wavelength of 374 nm corresponding to GaN material and red PL
with a peak wavelength of 730 nm corresponding to Psi substrate. The absorption
coefficient of the P-Si substrate and grown GaN thin film was obtained from the
absorption calculation of UV-Vis diffused spectroscopy at ambient temperature
in the 230-1100 nm wavelength range. Extinction coefficients, optical energy
gap, and refractive index of both the P-Si substrate and the grown GaN thin film
have been determined, respectively. The direct optical energy gaps of both the P-
Si substrate and grown GaN have also been determined using three methods:
Plank’s relation with photoluminescence (PL) spectroscopy, Tauc'relation, and
Kubulka-Munk argument with Uv-Vis diffused spectroscopy. It was observed
that the optical energy gap of the P-Si substrate was 2.1 eV, while the grown
GaN thin film had a multi-optical energy gap of 3.3 eV and 1.6 eV. A good
agreement has been obtained between these mentioned methods.

1. Introduction

Nowadays, Gallium Nitride (GaN) is one of the III-V nitride semiconductor materials with a hexagonal wurtzite structure
that has unique optical properties with a wide tunable direct band-gap of 3.4 eV [1-3]. This makes it possible to make
optoelectronic devices that work with UV and visible light, like LEDs, LDs, photodiodes, and UV detectors [4-6].
Furthermore, GaN has high-rise electron mobility, chemical stability, and great luminescence efficiency [7]. Moreover, GaN
has thermal conductivity and high breakdown strength [8, 9]. All these advantages lead to fabricating of optoelectronic devices
based on GaN with high frequency/temperature and low intrinsic noise/dark current/sensitivity to ionizing radiation to play an
important role in industrial, military, and space applications [10-12].

The techniques used for GaN film preparation and the chosen parameters significantly impact the optical properties and
electrical characteristics of GaN film [13, 14]. Therefore, in recent years, multiple procedures, including molecular beam
epitaxy, metalorganic chemical vapour deposition, and pulse laser deposition (PLD), have been employed to produce better-
quality thin-film GaN [15,16]. Moreover, each technique has advantages for growing GaN thin films at high vacuum levels, a
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faster growth rate, and low substrate temperature [17]. Thin films made by PLD often don't come apart because the substrate
and GaN layer has strong crystalline lattice matches and the conditions for growth are right [18].

Using porous silicon (P-Si) substrate instead of silicon (Si) has been intensely studied by researchers since it was reported
for visible photoluminescence (PL) by Canham in 1990. According to Canham, P-Si has many uses in producing
optoelectronic devices such as photodiodes, LEDs, and sensors [19]. Because of its excellent thermal and mechanical
properties, low cost, basic absorption edge transitioning into the short wavelength, and large surface area, P-Si is used in these
optoelectronic devices [20].

In this work, the PLD method was utilized to grow GaN film on a Psi substrate because of its simplicity, versatility, and
rapid film production with a strong forward-directed plume of material that can be deposited with low pollution and specific
stoichiometry. An Nd: YAG laser, a solid-state laser with a wavelength of 1064 nm, was used to grow GaN on a Psi using laser
energy of 1000 mJ and a vacuum pressure of 1072 Torr. Three methods were based on measuring the optical energy gap of both
prepared Psi and grown GaN films. This study examined the structural, spectroscopic, and optical properties of a thin film of
grown GaN.

2. Materials

The materials and instuments used to prepare Psi substrate and GaN thin film were listed in Table 1.

Table 1: Materials and instuments used to prepare Psi substrate and GaN thin film

Materials and Instuments Origion

GaN powder Luoyang Advanced Material Company, 99.9% of high impurity, China

Silicon wafer University Wafer, Inc., n-type, 500pm thickness, 0.001-0.005 Q/cm
electrical resistivity, and (100) orientations), USA

Diode laser Tongtool Company, infrared wavelength of 660 nm and 100 mW power,
China

DC power supply Jiuyuan, 0-30 V, China

Digital multimeter Victor Company, VC97, China

Beam expander Carman Haas Company, 10x magnification, China

Hydrofluoric acid Thomas Baker Company, 48% concentration, Germany

Ethanol Honeywell Company, 99.9% concentration, Germany

platinum rode 95% purity, Turkey

Teflon cell made of Teflon material with an electrolyte volume of 18 ml and stainless
steel contact in the cell

Nd: YAG laser uangzhou Dany Optical Technology CO., Ltd, China

X-ray diffraction XRD6000 Shimadzu Company, Japan

Ultra Violet- Visible diffuse Avantes DH-S-BAL-24048 UV-Vis, wavelength range from 230 — 1100

reflectance spectrometer nm, Netherlands,

3. Experimental Work

3.1 Preparing Porous Silicon Substrate

A top-down approach of the photo-electrochemical etching method assisted by a diode laser was used to fabricate a porous
silicon (P-Si) substrate at room temperature. Silicon was cut into small pieces of (1x1) cm? and cleaned by an ultrasonic device
for 10 minutes with absolute ethanol to remove impurities, then for 12 minutes with distilled water, and lastly by blowing with
dry air. Next, the silicon wafer was dipped in the synthesized etching electrolyte solutions, which contained 1:2 ratios of
concentrated hydrofluoric acid (48%) and ethanol (99.9%) for 10 minutes with a 10 mA/cm? current density. A Teflon cell was
used with the platinum electrode as a cathode and a silicon wafer as an anode, as shown in Figure 1.

Electrolvte of HF:
Ethanol with ratio of
1:2

Diode laser with
660 nm

Beam Expander
10X

Stainless steel contact
with silicon wafer

(Anode)
Platinum electrode
Ammeter (Cathode)
(MvLA)
Teflon cell

DC Power Supply

Figure 1: The process of photo-electrochemical etching with laser assistance to prepare the P-Si substrate
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3.2 Preparing GaN Target

A pellet of gallium nitride (GaN) was prepared by pressing GaN powder with a hydraulic press of 15 kg cm?. The obtained
GaN sample of 5 gm in weight, 2 cm in diameter, and 0.5 cm in thickness are shown in Figure 2.

Figure 2: The GaN pellet

3.3 Grown GaN Thin Film on P-Si Substrate by PLD

Using the pulse laser deposition technique (PLD), a Q-switching Nd: YAG laser with a vacuum pressure of 102 mbar
(Guangzhou Dany Optical Technology CO., Ltd, China) was used to grow a thin layer of GaN onto a Psi substrate as indicated
in Table 2.

Table 2: The practical parameters of the PLD method

Laser Parameters The Values
Laser wavelengths 1064 nm
Pulse energy 1000 mj
Pulse duration 7 ns
Frequency 3Hz
Repetition rate 300 Hz
Power supply 220V
substrate porous silicon
substrate temperature 300°C

The GaN target and Psi substrate were placed well within the PLD system's vacuum chamber. Also, the GaN target was
placed on a rotating base at an angle of 45°. The P-Si substrate is fixed horizontally at 5 cm just above the pressed GaN target.
The Q-switch Nd: YAG laser was subjected to the GaN target by a focused lens of 12 cm focal length to perform a strong
forward-directed plume of GAN material that can be deposited on a Psi substrate with low pollution and specific
stoichiometry, as shown in Figure 3.

¢) Grown GaN film on Psi

Rotating base

Vacuum chamber

a) The PLD System using Q- b) The PLD system d) GaN pellet
switching Nd: YAG laser

Figure 3: Grown GaN film on Psi substrate using only 1000 mj laser energy (a to d)

The structural characteristics of the Psi substrate and grown GaN film were investigated using X-ray diffraction (XRD)
from Japan (XRD6000 Shimadzu Company) with copper radiation of 1.54060 A. In addition, the spectroscopic properties were
investigated using a spectroscopic system from the United States of America (Perkin Elmer Company) with a wavelength
range of 200—-800 nm to measure the photoluminescence (PL) at room temperature. Moreover, a UV-Vis diffuse reflectance
UV-VIS spectrometer (Avantes DH-S-BAL-24048 UV-Vis, Netherlands) with a wavelength range from 230-1100 nm was
employed to measure the optical properties of the reflectance.
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4. Results and Discussion

4.1 Structural Characteristic Analysis

X-ray diffraction (XRD) study was carried out for the prepared P-Si substrate and grown GaN film to find the structural
properties, as shown in Figure 4 a and b. As shown in Figure 4 a, two prominent XRD peaks were observed at 2theta = 33 and
69.23 degrees, corresponding to the (200) and (400) planes that related to the P-Si substrate. These peaks were indexed and
consistent with the silicon standard’s diffraction data (JCPDS card 27-1402), according to Kang [21].

Three XRD peaks were observed at 2theta equal to 33.16, 59.12, and 61.84 degrees, corresponding to (002), (110), and
(103) planes that related to GaN material, as shown in Figure 4 b. These peaks were in conformity and accordance with the
GaN standard’s diffraction data (JCPDS card 01-074-0243) of a hexagonal crystalline structure. It’s worth noting that the GaN
peak at (002) shows a high sharp peak due to the smaller crystal size [22].
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Figure 4: XRD pattern of a) Psi substrate, b) Grown GaN film on Psi substrate

The crystal size was calculated for the Psi substrate and grown GaN thin film from the XRD pattern as shown in Table 3
based on the Scherrer Equation [23]:
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D = 0.94A/B cos 6

€y

Where A is the incident X-ray wavelength (A = 1.5406 A), B is the full width at half maximum, and 0 is the diffraction

angle.

Also, the interplanar distance d was computed as shown in Table 3 by using the following formula [24]:

d =nA/2sin 6

(2)

Where d is the Interplanar spacing in A*°, K is a constant taken to be 0.9, A is the x-ray wavelength (Wavelength of Cuk,
= 1.54060 A"°), B is the full-width half maximum of the XRD pattern, 0 is Bragg’s angle in degree, and n is diffraction order.

Table 3: XRD for the Psi substrate and grown GaN thin film

Structure hkl 20 (Deg.) d(nm) FWHM (Deg.) D(nm)

Psi substrate (200) 33 0.27 0.28 29.10
(400) 69.23 0.13 0.31 30.88

GaN thin film (002) 33.16 0.27 0.18 46.10
(110) 59.12 0.15 0.06 152.41
(103) 61.84 0.15 0.04 231.80

4.2 Spectroscopic Properties Analysis

The photoluminescence (PL) spectra of the prepared n-type P-Si using 10 minutes of etching time and 10 mA/cm? current
density were obtained, as shown in Figure 5 a. It can be observed that the synthesized Psi substrate exhibited yellow visible PL
with a peak wavelength of 590 nm, according to Wang [25]. This emission was caused by the surface states and quantum
confinement that developed on the P-Si following the photo-electrochemical etching process, as determined by [26].

Also, the photoluminescence (PL) spectra of grown GaN film on a P-Si substrate were performed, as shown in Figure 5 b.
It can be noticed that the grown GaN film exhibited ultraviolet PL with a peak wavelength of 374 nm corresponding to GaN
material and red PL with a peak wavelength of 730 nm corresponding to Psi, according to Wang [25]. According to Li et al.,
the photoluminescence spectral and energy gap of the prepared porous silicon substrate have been shifted after the deposition
of GaN material on it due to the changes in the surface chemistry achieved [27].

340 5

330

320

o+ o L
w [=] l
(=] (=] L=
L L L

PL Intensity (a.w.)

280 4

2701

260+

590 nm

J= 10 mA/eny’
= 10 Minute

Hf acid of 24% concentration

400

T
600

T
700

Wavelength (nm)

1
200

800000 -

600000 -

400000 +

PL intensity (a.w)

200000 -

730 nm

374nm

e

T
300

T T T T T 1
400 500 600 700 800 900

‘Wavelength (nnm)

(@

(b)

Figure 5: Photoluminescence of a) Psi substrate, b) Grown GaN film on Psi substrate

Figures 6 a and b show the energy gap (Eg) vs. wavelength for prepared Psi substrate and grown GaN film. It could be observed
that the energy gap of P-Si was 2.1 eV before deposition, as shown in Figure 6 a. Two energy gaps appeared for grown GaN film: 3.3
eV, which corresponds to GaN material, and 1.6 eV, which corresponds to P-Si substrate after PLD as shown in Figure 6 b. It’s observed
that the P-Si substrate was reduced after the deposition of GaN material on it. The energy gap was then calculated using Eq. (3) [28].

Eg(eV) = hu/A = 1.24/2 (nm) 3)

Where, Eg is the energy gap, hv is the photon energy, h is Planck’s constant (6.62*1073* J. Sec), v is the photon’s frequency, A is the

photon’s wavelength.
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Psi substrate

Grown GaN film on Psi
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Wavelength (nm) Wavelength (nm)
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Figure 6: Energy gaps Vs. wavelength using plank equation for a) Psi substrate, b) Grown GaN film on Psi
substrate

4.3 Optical Properties Analysis

The optical properties of any material rest on the preparation methods and conditions, morphological, structural surface,
doping, and interaction with the neighboring environment. So, the spectral behavior of the absorption coefficient of any
semiconducting material can be studied to learn more about the electronic states in the high-energy part of the optical
absorption spectrum. The lower energy part of the spectrum is made up of atomic vibrations [29].

Several optoelectronic devices, including photodiodes, sensors, and LEDs, rest on the optical absorption of the material.
Therefore, studying the optical absorption spectra and the optical absorption coefficient () is important. The optical properties
such as reflectance R (1) and absorbance A (A) of both the Psi substrate and grown GaN thin film were performed using UV-
Vis diffuse reflectance spectroscopy (Avantes DH-S-BAL-2048UV-Vis, Netherlands) in a wavelength range of 230-1100 nm
as shown in Figures 7, and 8.

The absorption spectrum of the prepared Psi substrate showed many peaks at 309.42, 448.17, 513.08, and 543.34 nm, as
shown in Figure 7 a. Whearas, Figure 7 b shows the absorption spectrum of grown GaN film, which shows many peaks at
302.88, 435.26 nm. So it’s noticed that the grown GaN film is blue-shifted with high absorption in the UV range, which means
the electrons will move from the valance band to the conduction band in this spectrum region.

0.5 - ——Absorbance of Psi substrate 1.0 4 —— Absrobance of grown GaN film
0.0 S
2 g
8 o
E g
E 0.5 g
= =
2 2 -
= z
1.0 4
2 4.0
1.5 ‘ : ‘ . 15 ‘ : ; .
400 600 800 1000 400 600 800 1000
Wavelength {nm) Wavelength (nm)
(a) (b)

Figure 7: Absorption spectra of a) Psi substrate, b) Grown GaN film on Psi substrate

Figure 8 a shows low reflection peaks of P-Si were observed at 277.3 and 360.99 nm due to the high absorption peaks in
the UV region spectrum. Furthermore, a high sharp reflection peak was observed at 1184.59 nm. Figure 8 b shows a high
reflection peak of grown GaN film was observed at 118.59 nm due to the Psi substrate, and low reflection peaks were observed
at 1158.68 and 373.99 nm due to the absorption effects of the GaN material in the UV region.
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Figure 8: Reflection spectra of a) Psi substrate, b) Grown GaN film on Psi substrate

The absorption coefficient, extinction coefficient (K), and refractive index of both Psi substrate and grown GaN film
(ng and ng), optical energy gap (Eg) respectively were calculated with the aid of the following Equations [30] :

a=2.303 A/t 4)
a is the absorption coefficient, A is the absorbance value at a particular wavelength range, and t is the thickness.
K=aA/4m (5)

a is the calculated absorption coefficient as mentioned in Eq. (4), A is the wavelength of U-Vis spectroscopy ranging from

230 to 1100 nm.
_ [ 4R o R+D)
N s B )

ng is the refractive index of the prepared Psi substrate, R is the reflectance of Psi substrate, and K is the calculated
extinction coefficient, as mentioned in Eq. (6)

(6)

0.5

1+x/§) %)

nf = Ng (_1—\/ﬁ

ng¢ is the refractive index of grown GaN thin film, ny is the refractive index of the prepared Psi substrate that is calculated
as mentioned in Eq. (4), and R is the reflectance of the grown GaN thin film.

Figure 9 a, b show the refractive index vs. the wavelength for P-Si substrate and grown GaN film, respectively. Figure 9 a
shows the refractive index of the P-Si substrate (ng ), which has a stable value of 0.999 in the UV region, starts to decrease
clearly to 0.978 at 377 to 451 nm, then increases gradually to 0.991 at 490 nm, and decreases again to 0.986 at 512 nm. While
Figure 9 b shows the refractive index of grown GaN film (ny) that has a stable value of 0.991 in the UV region, then decreases

slightly to 0.796 at 438 nm, then becomes a stable value of 0.999 as the wavelength increases.

For Psi substrate 1.00 o Eor.grown GaN fllm

1.000
_ __ 0.96
z 5
= 0.995 4 =
‘g g 0.92
:'_; 0.990 E
é _:-'E 0.88
-} =
= . g
£ 0.985 % 0.84
= -
=
(-]

0.980 - 0.80 -

T T T 1 T T T
400 800 800 1000 400 600 800
Wavelength (nm) Wayv h (nm)

(@)

(b)

Figure 9: Refractive index of a) Psi substrate, b) Grown GaN film on Psi substrate
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The energy gaps of the prepared Psi substrate and grown GaN film were calculated using three relations; Plank’s relation,
Tauc’s relation, and the Kubelka-Munk argument that describe the behavior of light traveling inside a light-scattering Psi and
grown GaN film. Furthermore, the first relation used to estimate the energy band gaps was Plank’s relation, as mentioned in
Figure 6a, b. The second relation that depended on estimating the band gaps was Tauc’s relation, as shown in Figure 10a, b by
plotting the graph of the square product of the absorption coefficient and photon energy (ahv) * versus photon energy (Eg )
[31].

(«hv)? = A(hv-Ey) (8)

hv is the optical photon energy where h is plank’s constant (6.62*10™3* Joule. Sec), v is the photon frequency, and A is
constant and also named the band tailing parameter. B is the energy gap based on the density of states concept put out by Mott
and Davis that is placed between localized states close to the mobility boundaries [32]. The relationship between (ahv)? and
incident photon energy for P-Si substrate and grown GaN film is shown in Figure 10 a, b. Figure 10 a shows the energy band

gaps of the P-Si substrate to be 2.3, 3, and 3.2 eV. Figure 10 b shows the energy band gaps of grown GaN film to be 2.25, 3,
and 3.5 eV.
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Figure 10: Dependence of (ohv) 2 upon incident photon energy for a) Psi substrate, b) Grown GaN film on
Psi substrate byusing Tauc’s relation

The Third relation that depended on estimating the energy band gaps were Kubelka-Munk (K-M) argument, as shown in
the following equation [33]:

_ (1-R%)

Frm = )

Fxm is Kubelka-Munk function, and R is the reflectance obtained from UV-Vis diffused spectroscopy. Furthermore,
Figure 11a, b show the relation between the Kubelka-Munk function and incident photon energy for the P-Si substrate and
grown GaN film. Figure 11 a shows the energy band gaps of the P-Si substrate obtained from the graph to be 2.9 and 3 eV.
Whereas Figure 11 b shows the energy band gaps of grown GaN film obtained from the graph to be 2.1 and 3 eV.
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Figure 11: Optical energy band gaps Vs. the photon energy of a) Psi substrate, b) Grown GaN film on Psi
substrate by using Kubelka-Munk (K-M) argument
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5. Conclusion

The GaN nanostructure thin film was grown physically using the pulsed laser deposition method at 1000 mJ laser energy
and 1064 nm laser wavelength. The results show that the XRD of grown GaN film shows a high-intensity peak at the (002)
plane that relates to the hexagonal wurtzite structure. The absorbance of the prepared thin film was increased by 64% and blue-
shifted after the deposition of GaN material. Furthermore, the refractive index of the prepared thin film decreased from 0.97 to
0.79 in the UV region. Still, in the other spectrum region, it decreased from 0.998 to 0.987 after the deposition of GaN
material. Furthermore, all-optical parameters of prepared P-Si and grown GaN films were calculated as reflectance,
absorbance, absorption coefficient, extinction coefficient, refractive index, and energy band gaps using a computer program
based on solving Murmann's exact equation. Based on the three relations of Plank, Tauc, and Kubalka-Munk, the difference
between the estimated energy band gaps for a P-Si substrate and a grown GaN film was approximate. In photodetection
applications of UV radiation, such as enhanced communication, ozone sensing, and air purification, the grown GaN/Psi
nanostructure has been a potential possibility. It is also used in civilian and military applications, like warning missiles,
detecting chemical and biological substances, and finding flames.
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