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Abstract

The photoluminescence and optoelectronics properties are very important for gallium nitride (GaN) nanoparticles in the
applications of ultraviolet and blue optoelectronic devices. In this article, GaN nanoparticles are prepared and fabricated
using femtosecond pulse laser ablation in liquid (PLAL). The X-ray diffraction results confirm that the synthesized GaN
NPs are crystalline with a mixture of cubic and hexagonal phases, and the nanoparticles synthesized at 532 nm exhibit better
crystallinity. The field emission electron microscope (FE-SEM) results demonstrate that the porous silicon consists of a high
concentration of semicircular pores with an average diameter of the pore around 20 um. Furthermore, the optoelectronic
properties of the GaN/PSi are investigated to confirm its feasibility for double-junction photodetector and its applications.
The outcomes show that the maximum responsivity was 3.8 A/W at 330 nm for a photodetector fabricated at 532 nm laser
wavelength.
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1 Introduction

) Gallium nitride (GaN) is one of the most important semi-
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conducting materials of groups Ill-nitride, which has been
employed in various industrial and technological applica-
tions due to its excellent optical and electrical properties, for
example, optoelectronic devices, electronic devices, biosen-
sors, chemical sensors [1-6]. GaN has a direct energy gap
and high saturation velocity of Vs=2.7x 107 cm/s, indicat-
ing it can be certainly well suited for the fabrication of UV
photodetectors [7, 8]. Additionally, GaN has high thermal
stability, radiation hardness, and excellent tolerability in
harsh environments [9, 10]. Combining GaN-based devices
with Si-based microelectronics is another possible advantage
associated with the future of Si substrates [11, 12]. This
type of combination can potentially be applied with those of
highly advanced Si electronic devices by the hetero-epitaxial
system of GaN on the Si substrate [13—15]. Either polycrys-
talline growth or a significant diffusion of Si into the GaN
film results in the direct growth of a GaN film on the Si
substrate [16, 17].

Various methods were employed to prepare GaN such
as molecular beam epitaxy (MBE)[18, 19], metal-organic
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chemical vapor deposition (MOCVD) [20-22], pulsed
laser deposition (PLD) [23-28], chemical vapor deposition
(CVD), pulsed laser ablation (PLA) [29-33]. Pulsed laser
ablation in liquid (PLAL) is considered one of the attractive
routes to the synthesis of nanoparticles [34, 35]. It exhibits
many advantages such as simplicity, low cost, no vacuum
needed, production of nanoparticles with different morphol-
ogies, and high purity products [36-38].

Herein, we report the preparation of GaN nanoparticles
by laser ablation in liquid at laser wavelengths of 532 and
1064 nm. The aim of the work is to fabricate high-quality
gallium nitride (GaN) nanoparticles (NPs) using pulsed
laser ablation technology and deposit them on porous Si
substrates at two different wavelengths for the pulsed laser.
The uniqueness of the work being reported is that liquid
ethanol was employed as a cooling liquid to keep the nano-
particle from oxidizing after liquid GaN nanoparticle was
initially created by pulsed laser ablation in liquid from bulk
GaN. Finally, the Fabrication and characterization of UV-
enhanced GaN/porous silicon double-junction photodetec-
tors is the third objective of this work.

2 Experimental Setup

Colloidal GaN nanoparticles were synthesized by pulsed
Nd: YAG laser ablation of GaN target immersed in 10 ml
ethanol, as shown in Fig. 1. The ablation was performed at
two laser wavelengths; 532 and 1064 nm. This laser source
has pulse duration of 7 ns, pulse repetition frequency of
1 Hz, and laser fluence of 1.J/cm?. The number of laser
pulses was 1000 for each wavelength and the laser beam
was focused at the target using a converging lens with a
focal length of 12 cm.

e Laser ND:YAG

onmn Focusiog Lens

s Pubse Laser Beam

Holder

Ethanol

Nasoparticles of GaN

GaN target

Fig.1 Schematic diagram of laser ablation in liquid system
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Filmetrics F20 optical reflectometer has been used to
measure the thickness and reflectivity of the prepared sam-
ples. The UV—Visible spectrophotometer (Shimadzu 1800)
was employed to measure the optical properties of GaN
film deposited on the glass substrate. Photoluminescence
properties were investigated using Jobin Yvon model spec-
troscopy HR 800 UV employing He-Cd laser with 352 nm
wavelength. The structural properties of the GaN NPs were
investigated using a high-resolution X-ray diffractometer
(Panalytical Company, Netherlands). The morphological
properties of the nanoparticles have been studied using
a field emission scanning electron microscope (FESEM)
(FEI/Nova Nano SEM450). Atomic force microscopy
(AFM) was used to study the topography of the nanopar-
ticles and measure the roughness of GaN nanostructures.
The n-type porous silicon was used as a substrate in this
study. The porous silicon was prepared by laser—assisted
electrochemical etching. The etching was carried out by
immersing the single-crystal silicon substrate in Teflon
container with a 20 ml HF (48%) solution. The gold rod
and DC power supply were connected to the Teflon base
through the metal side and to the gold rod immersed in
the HF solution at a current (60 mA) for 10 min. A diode
laser with wavelength (650 nm) and power of (30 mW)
was used for the illumination through the etching process.
The schematic diagram of the laser-assisted electrochemi-
cal etching process and porous silicon image are depicted
in Fig. 2(a, & b).

The colloidal GaN nanomaterials were deposited on the
porous silicon by a drop-casting method, as shown in Fig. 3.
The porous silicon substrate was heated by a hot plate at
a temperature of 70 °C. Each drop on the porous silicon
substrate was left drying and then followed by another drop
reaching 100 drops to form the thin film of the GaN on
the porous silicon substrate. All the processes were taken
around 12 h to avoid oxidation. The colloidal nanoparticle
was adequately shaken before each drop to keep the GaN
nanomaterials with minim agglomeration.

A vacuum evaporation system is used to deposit alu-
minum (Al) on the GaN/ Porous Silicon-n (111) surface
to form ohmic contact electrodes through a specially
designed interdigit Al mask as depicted in Fig. 4. The
I-V characteristics in the dark and illumination condi-
tions were investigated using the DF LT30/2 Power Sup-
ply, (UNI-T-UT33C), and digital multimeters (TEKR.
CDM 250). The capacitance—voltage C-V characteris-
tics were measured using a programmable RCL meter
from (Fluke PM6306). An optical monochromator was
used to measure the spectral responsivity of the GaN/
PSi double-junction photodetector in the spectral reign
of (200 nm-900 nm). All the tests were carried out at
room temperature.
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3 Results and Discussions
3.1 Structural Properties

Figure 5 presents the XRD patterns of nanoporous Sili-
con and GaN nanoparticles. The GaN nanoparticles
were presented at both ablation wavelengths of 532 nm
and 1064 nm in ethanol and drop-casted on the prepared

porous silicon substrate. Figure 5a shows a sharp peak
of the porous silicon XRD patterns at 20 =28.74° corre-
sponding to the (111) plane. Figure 5b presents the XRD
pattern of GaN nanoparticles prepared at the wavelength
of 532 nm; it exhibits a mixed structure of hexagonal
h-GaN phase and cubic phase c-GaN. The h-GaN phase
was observed at 20 =34.54° and 37.49° corresponded
to (002) and (101), respectively, while the c-GaN phase

Fig.5 XRD patterns of (a) the (a)
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was detected at 20 =48.19° and 20 =57.99°, which cor-
responded to (102) and (110), respectively. These XRD
peaks are matched with JCPDs#2—1078 and 82,364 for
h-GaN and c-GaN, respectively [39-41]. Figure 5c pre-
sents the XRD pattern of GaN nanoparticles prepared at
1064 nm. As shown, Fig. 5c¢ shows the presence of the
three peaks located at 20 =34.54°, 37.49, 48.19°, and
57.99°, which corresponded to (002), (101), (102), (110)
planes, respectively, which belonged to h-GaN and c-GaN
phases. Compared to the sample prepared at 532 nm wave-
length, the sample prepared at 1064 nm shows less inten-
sity and less sharpness indicating a low degree of crystal-
linity [42—44]. This result can be ascribed to the fact that
the absorption coefficient of 52 nm laser wavelength is
higher than that of 1064 nm, indicating the formation of a
smaller absorption depth and the ablated nanoparticles and
monodispersed and grown in high crystallization [45-48].

3.2 Morphological Properties
3.2.1 AFM Results

Figure 6-a illustrates the 3D AFM images of the porous sili-
con and GaN nanoparticles prepared with 532 and 1064 nm.
The AFM image of porous silicon reveals the formation of
circular pores distributed uniformly over the surface. The
root means square RMS of surface roughness and pore size
were 8.9 and 53 nm, respectively. The 3D AFM images of
CaN NPs prepared at 532 and 1064 nm are shown in Fig. 6-
b&ec. We can see clearly that the pours layers are completely
covered and the pores are filled with GaN NPs. The grain
size of the prepared nanofilms (GaN) that were proven in
the AFM test is consistent with the crystallite size that
was calculated from the XRD results [49, 50]. The RMS
of surface roughness of the porous silicon filled with GaN
NPs prepared at 532 and 1064 nm were 8.8 and 25.1 nm,
respectively. The large surface roughness of porous covered
with GaN NPs prepared at 1064 nm can be attributed to the
large particle size that comes from the agglomeration effect
as well as the high concentration of GaN NPs produced
by 1064 nm laser pulses, this result is consistent with the
reported results [47-50]. Table 1 lists the RMS of surface
roughness and grain size of GaN NPs synthesized at 532
and 1064 nm.

Figure 7 represents the relation between the grain's den-
sity and the grain's size at different ablation wavelengths.
The first porous silicon sample exhibits average grain size
(39.3 nm) with grain density (0.0035). The selection of
work at 532 nm presents the average smallest grain size of
(26.1) with the highest grain density due to high regular
crystal distribution and back to decrease at the sample of
1064 nm because of the decrease in the regularity of the
crystal distribution [51, 52]. The surface topography of

GaN nanophotonic as observed from the AFM micrographs
proves that the grains are uniformly distributed within the
scanning area (78 nm X 78 nm), with individual columnar
grains extending upward. This surface characteristic was
quoted from the topographic image, which is uniform,
smooth, and homogeneous at 532 nm due to the excellent
quality of the structure crystallization.

3.2.2 FESEM Results

Figure 8 presents the top view FESEM images of porous
silicon and GaN deposited on porous silicon. As shown in
Fig. 8-a, the porous silicon consists of high-density of circu-
lar shape pores having different sizes. The formation of large
size pores is due to the coalescence of small pores which
leads to form irregular pores as denoted by arrows. The aver-
age pore size of porous silicon was around 20 pm. The SEM
image shown in Fig. 8-b illustrates the GaN nanoparticles
covered in porous silicon prepared with 532 nm laser pulses.
As shown, most of the nanoparticles are filled in the pores,
while the other nanoparticles are deposited on the walls of
the porous surface. Figure 8-c shows the SEM image of GaN
nanoparticles deposited on the porous silicon synthesized
at 1064 nm [53-55]. It is clearly seen that most porous are
filled with GaN nanoparticles and only a few pores remained
unfilled. This result can be attributed to the particle size and
concentration of agglomerated GaN nanoparticles. The EDX
spectrum of porous silicon exhibits a high peak of Si and a
small peak of oxygen due to the trapping of oxygen atoms in
pores. The EDX of GaN nanoparticles deposited on porous
silicon shows the presence of peaks related to Ga and N with
atomic percentage [Ga]/[N] ratios of 2.7 and 4.3 for samples
prepared with 532 and 1064 nm, respectively [56-58]. The
formation of incomplete stoichiometric GaN is due to the
reaction of nitrogen with oxygen and formed NO2 gas. This
occurred as a result of the instability of GaN nanoparticles.
Figure 9 shows the TEM images of GaN nanoparticles pre-
pared at 532 and 1064 nm.

The TEM images revealed the formation of spherical
GaN nanoparticles with average particle sizes of 22 and
30 nm for samples prepared at 532 and 1064 nm, respec-
tively. As shown in Fig. 9, the particle size of GaN prepared
with 532 nm is smaller than that synthesized with 1064 nm
due to the larger absorption depth of the laser with a wave-
length of 1064 nm compared to that prepared with 532 nm
[59, 60].

3.3 Optical Properties
3.3.1 UV-Visible Spectrophotometer

Figure 10 presents the UV-Vis optical reflectance spectra
of PSi and GaN/PSi prepared at 532 and 1064 nm in the
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Fig.6 3DAFM images of (a)
porous silicon, (b) GaN/PSi pre-
pared at 532 nm and (c¢) GaN/
PSi nanostructure prepared at
the 1064 nm

spectral region of 300-900 nm. Figure 10 shows that the
optical reflectance of GaN/PSi increases as laser wave-
length increases and tends to saturate after 450 nm and after
this wavelength increases sharply. The reflectance spectra
of GaN prepared at two laser wavelengths increased with
wavelength in the same manner but the reflectivity of GaN
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prepared at 1064 nm is slightly higher. As shown, an oscil-
lation is detected as a result of the interference effect. The
inset of Fig. 10 shows the reflectivity plot of the porous
silicon surface. The reflectivity increases as the laser wave-
length up to 520 nm and after that is saturated. The reflectiv-
ity is very low compared to that of GaN/PSi.
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Table 1 AFM data of the porous silicon and the GaN/pSi nanostruc-
tures prepared at two 532 nm and 1064 nm

Samples  Laser ablation Roughness Root-mean-  Grain size
wavelength (nm) square value  (nm)
(nm) (nm)
PSi - 6.71 9.1 39.3
GaN/PSi 532 74 8.8 26.1
GaN/PSi 1064 21.6 25.1 53.2

Figure 11 presents the optical energy gap of the porous
silicon substrates and GaN nanostructure grown on a
porous silicon substrate at the wavelength of (532 nm)
and (1064 nm). The Kubelka—Munk (K-M) function and
Tauc plots were used to calculate the energy bandgap of

the pSi and GaN nanostructure. F(R) was used in the K-M
formula, where R is the reflectivity, as shown in the fol-
lowing equation [61-65].

(1-R%

T e))

Fyy =

The degree of crystallization affects the band gap of
GaN nanoparticles. The value of the energy gap of porous
silicon was around 2.29, and 2.36 eV, while the energy
gap of GaN prepared at 532 and 1064 nm was 3.6 and
3.75 eV, respectively. The slight increment in the energy
gap of GaN can be attributed to the smaller nanoparticles
obtained by 532 nm, which is consistent with the TEM
investigation. The inset of Fig. 11 shows the optical band
gap plot of the porous silicon surface.

35 -

(a) Without

48 52 nm

(b) 532nm

(¢) 1064nm
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40 60 80 100 120 140 nm

Fig.7 The average grain size curve of (a) the porous Silicon, (b) GaN/pSi nanostructures at the wavelength (532 nm), and (¢) GaN/pSi nano-

structures at the wavelength (1064 nm)
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3.3.2 Photoluminescence (PL)

The photoluminescence (PL) spectra of porous silicon
substrates and GaN nanostructure grown on a porous sili-
con substrate at the wavelength of 532 nm and 1064 nm
are shown in Fig. 12 demonstrate. The porous silicon
presents a single peak located at 640 nm (1.94 eV). The
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sample synthesized at 532 nm exhibits two PL peaks, a
high-intensity UV peak located at 321 nm (3.86 eV), and
a second peak detected at 640 nm (1,94 eV). The first
peak has belonged to the band-to-band GaN which is in
good agreement with the energy gap determined from
UV-Vis absorption and the second peak is related to
porous silicon. A small blue shift in the PL peak was
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Fig.9 TEM images of GaN
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observed for sample prepared at 532 nm due to the small
nanoparticles [66—69].

The photoluminescence results also showed a varia-
tion in the peak intensity values, where the highest peak
intensity of the porous silicon was at the base of the pure
porous silicon without the gallium nitride layer, and this
is very logical as the examination and absorption will
be completely concentrated on the surface of the porous
silicon. When examining the porous silicon base on which
gallium nitride was deposited on top, it showed that the
peak intensity value at 532 nm is higher than the peak
intensity value at 1064 nm as a result of the highest crys-
tallinity and the surface is also more regular and the best
distribution and smooth [70-72].

3.4 Optoelectronic Properties of GaN/PSi
Heterojunction Photodetector

Figure 13 shows the dark (I-V) characteristics of PSi/c-Si and
GaN/PSi heterojunctions at room temperature in the range
of applied voltage (—5 to+5 V). All the samples exhibit a
rectification, which depends on the preparation condition.
In three samples, the forward current increases with bias
voltage. The highest forward current was found for GaN/PSi
prepared at 532 nm. The forward current of GaN/PSi hetero-
junctions increases exponentially with voltage which agrees
with that for aniso-type heterojunctions. Increasing the for-
ward current of PSi/c-Si after being deposited with GaN
nanoparticles is due to decreasing the electrical resistivity
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Fig. 11 Optical energy bandgap
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as well as the formation of double junctions, namely, GaN/
PSi and PSi/c-Si. [73-75]. On the other hand, the reverse
current of GaN/Si heterojunction was found to be voltage
independent, while it increases for PSi/c-Si due to the large
value of leakage current coming from surface states.

The (I-V) characteristics of the heterojunctions at reverse
bias under the illumination with white light as a function
of light intensity are shown in Fig. 14. The photocurrent of
GaN/PSi photodetector prepared at 532 nm is higher than
that of GaN/PSi prepared at 1064 nm and PSi/c-Si photo-
detectors. This could be due to the large depletion width
of GaN/Si prepared at 532 nm which comes from the large
value of the carrier mobility. Increasing the light intensity
leads to increases in the photocurrent of the photodetectors
and no detectable saturation in photocurrent was observed
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after illumination with high light intensity indicating the
quality of the linearity characteristics. [76-78].

Figure 15 presents the relationship of the squared recip-
rocal of the capacitance (C —2) with the reverse voltage of
GaN/PSi and PSi/c-Si heterojunctions. The linear relation-
ship confirms that the fabricated heterojunctions are abrupt
junctions. Moreover, the built-in potential value was deter-
mined by extrapolating the linear portion of the curve to
the value of 1/C>=0 points. The estimated Vbi values were
lower than the estimated values of the voltage turn-on from
I-V properties due to the high electrical resistivity of gallium
nitride nanostructures [79-81]. In addition, the value of the
built-in potential of GaN/PSi prepared at 532 nm was larger
than that of the other fabricated heterojunctions due to the
large depletion width of a sample prepared at 532 nm.
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Fig. 15 Porous silicon and GaN/

PsSi heterostructure at different @)
laser ablation wavelengths of
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Fig. 16 Spectral responsivity of (@)
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detectors fabricated at different
laser wavelengths and 5 V bias
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The spectral responsivity for the prepared porous Sili-
con and GaN/psSi heterostructure at the bias of 5 Volts is
shown in Fig. 16. The spectral responsivity of the prepared
porous silicon is presented in Fig. 16a; it shows a peak of
1.79 AW~ at wavelength 705 nm [82—-84]. Figure 16b pre-
sents the spectral responsivity for the gallium nitride nano
heterostructure. In this figure, two prominent areas of the
response have been identified. First~330 nm for the nano
gallium nitride and ~ 750 nm for the prepared nanoporous
silicon wafer. The responsivity at 330 nm increased from
2.61 AW~ to 3.81 AW~! by reducing the ablation wave-
length from 1064 to 532 nm. The increase in responsivity is
a result of an increase in the width of the depletion region
and the length of the diffusion. Increasing the efficiency of
the carrier collection increases the absorption of the photons
at the depletion region [85-87].

Figure 17 presents the specific detectivity D* of the GaN/
psSi heterostructure. The detectivity values are influenced
by the current noise and the spectral responsivity values
[88-90], which were previously exhibited as a function
of the pulsed laser wavelength. The values of the specific
detectivity change with a value of the wavelengths pre-
cisely the same as in the values of the spectral responsivity.
Figure 17a exhibits the specific detectivity of the prepared

porous silicon; it shows a peak of 1.79x 10" W~! cm Hz*?
at wavelength 705 nm. Figure 17b presented two peaks
along the applied wavelengths. The 1064 nm pulsed laser
wavelength, the value of the specific detectivity (2.61 x 10'*
W1 cm Hz% at the wavelength of 330 nm and 2.87x 10'*
W' ¢cm Hz%? at the wavelength of 750 nm), while decreas-
ing the pulsed laser wavelength (using second harmonic
generation) from 1064 to 532 nm will exhibit high-value
of the specific detectivity (3.81x 10" W~! cm Hz"° at the
wavelength of 330 nm and 3.56x 10'* W~ cm Hz’" at the
wavelength of 750 nm). Furthermore, the decrease in the
values of the leakage current causes an increase in the detec-
tivity of the photodetector. The fabricated photodetector and
the result presented here can detect the UV signals and the
weak Near-infrared signal.

The response time and the minority carrier lifetime for the
prepared porous Silicon and GaN/psSi heterostructure at two
laser wavelengths [(Fig. 18)]. The concept of carrier lifetime
is to increase the absorption of light energy on the device
surface by increasing internal voltage with the depletion
layer employed to separate electron—hole pairs. The response
time is the root mean square sum of the charge collection
time. It is affected by the carrier drift time from the depletion
layer, carrier diffusion time, and depletion layer capacitance

Fig. 17 Specific detectivity of

Porous Si and GaN/PsSi photo- @

detectors fabricated at different
laser wavelengths and 5 V bias
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Fig. 18 Response time and

the minority carrier lifetime of
porous Silicon and GaN/PsSi
photodetectors prepared at dif-
ferent laser wavelengths (a) psSi
substrates, (b) GaN/PsSi at the
wavelength of (532 nm), and (c)
GaN/PsSi at the wavelength of
(1064 nm)

-

Table 2 Response time and the minority carrier lifetime of porous
Silicon and GaN/PsSi photodetectors prepared at different laser wave-
lengths

Type of substrate Response time (us) minority car-
rier lifetime
(us)

psSi substrates 55.6 113

(GaN/PsSi)ss3, 429 211

(GaN/PsSi);e4 48.6 133

[91, 92]. Figure 18a exhibits that the porous silicon has a
Response time of 55.6 us, and a minority carrier lifetime
is 113 ps. Figure 18b presents the shortest Response time,
42.9 ps, and the highest minority carrier lifetime, 211 ps for
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GaN/psSi at wavelength 532 nm (using second harmonic
generation). The Response time in Fig. 18c is 48.6 us, and
the minority carrier lifetime is 133 us for GaN/psSi at wave-
length 1064 nm. These results show that the response time
decrease with decreasing laser ablation wavelength due to
the optical generation of electron—hole pairs [93-95], all val-
ues of the Response time and minority carrier lifetime are
tabulated in Table 2.

The scheme of the energy bundles of the fabricated
double-junction device at the optimum conditions using the
wavelength of the frequency doubling at the wavelength of
532 nm (second harmonic generation), and can be illustrated
in the schematic form of the energy bundles (Fig. 19), where
this scheme gives a greater indication of the mechanism
of interaction of materials with each other and the energy
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Fig. 19 The scheme of the Vcaum level
energy bundles of the fabricated MR e e e . a_—
double-junction device at the T ) ) .
optimum conditions C-Si Porouse Si ‘ GaN

ke ‘

Efn Eg=3.5¢V
Eg=1.1eV
8 Eg=2.2eV
Ec . | | S -

Electrochemical etching  Drop casting of GaN nanocoidal

changes at the material contact area to form heterogeneous
hybrid separators [92-95].

4 Conclusion

A High-performance GaN/PSiSi heterojunction photode-
tector was successfully prepared using a simple and low-
cost PLAL technique. As the laser ablation wavelength
decreases, the bandgap value of the deposited Nano GaN
films increases. GaN nano-films created at low laser wave-
lengths exhibited a shift that towered over the blue region.
The device performance results established two response
peaks at 330 nm, and 750 nm, GaN/psSi sample for wave-
length 532 nm shows a higher responsivity peak of 3.81
AW~ than the sample of 1064 nm due to the increase in the
width of the depletion region and the length of the diffusion,
increasing the efficiency of the carrier collection, increasing
the absorption of the photons at the region of the deple-
tion. The shortest response time was 42.9 ps, and the highest
minority carrier lifetime was 211 ps for GaN/psSi that was
prepared at wavelength 532 nm due to the optical genera-
tion of electron—hole pairs. The high Ultra-Violet response
of the manufactured devices (photodetectors) indicates that
the technology used here is encouraging and prospective for
producing Ultra-Violet detectors that are both cost-effective
and simple.
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