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ABSTRACT

In this work, porous gallium nitride (PGaN) samples were fabricated via photoelectrochemical etching (PEC) under low temperature
(LT) conditions. The effect of etching duration during the low temperature photoelectrochemical etching (LT-PEC) on the structural
and morphological properties of PGaN structures was investigated. A continuous current density of 60 mA/cm? and potassium
hydroxide (KOH) electrolyte were used during the etching process at different etching durations of 40, 60, and 90 minutes. Field
emission scanning electron microscopy (FESEM) revealed that PGaN etched for 60 minutes exhibited the smallest pore diameter
(27.23 nm) and highest estimated porosity (36.0%). Its pore diameter and the estimated average pore depth also increased as the
duration increased. Furthermore, atomic force microscopy (AFM) revealed that the root mean square (RMS) surface roughness
increased as the etching duration increased. The Raman spectra of the Ez(high) phonon mode of all the PGaN samples had shifted to a
lower frequency than that of the as-grown GaN due to the stress relaxation. Lastly, the intensities of the Raman spectra of the PGaN
samples increased as the duration increased, indicating more efficient light scattering in their porous structures. Therefore, the
enhanced PGaN properties indicate that they possess good potential for implementation in sensing device applications.
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1. INTRODUCTION

Porous Ill-nitrides such as porous gallium nitride (PGaN)
have been widely researched due to their better properties
relative to as-grown GaN because porous structure could
provide a high surface area to volume ratio, shift of band
gap, and enhanced luminescence intensity [1]. A few
techniques can be used in the etching process to create
PGaN; namely, wet and dry etching. Dry etching is the
process of removing materials by subjecting them to an ion
bombardment, such as chlorine or oxygen while wet etching
is a wafer material removal technique that employs liquid
chemicals or etchants as the main remover. The dry etching
technique, however, may cause surface damage on the
material as mentioned in [2, 3], and the process is costly.
Apart from dry etching, wet etching such as
photoelectrochemical (PEC) etching which is more cost-
effective and convenient has also been used to create
porous structures on GaN and has been the subject of
numerous studies including research done in [2, 4-6]. The
PEC etching technique provides minimal structural damage,
simplicity, and low processing costs [7, 8]. In addition to
that, the use of ultraviolet (UV) light during PEC further aids
pore formation on GaNs’ surface. Upon the UV illumination
on the GaN surface, electrons will be excited to the
conduction band and holes are generated at the valence
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band which subsequently participate in the oxidation and
dissolution of the substrate [9]. Previous research has also
looked into the differences between producing porous III-
nitrides using different light sources [10]. According to the
findings, porous structures exposed to UV created higher
pore density and deeper voids than those not illuminated by
UV light.

However, UV illumination during PEC produces heat. This
heat will vaporize the electrolyte and reduce the volume of
electrolyte used to fabricate PGaN. Based on the research
done by Balagurov et. al [11], the composition of
electrolytes was seen to have changed due to the partial
evaporation of electrolytes at elevated temperatures that
caused a decrease in critical current density which affects
the etching process. Furthermore, investigation on PGaN at
different etching durations using the electrochemical
etching method has been conducted previously [4, 12]. It
was reported that as the etching duration increased, the
diameter of the porous structure increased. However, these
experiments conducted by [4] were carried out at room
temperature. It was found that porous structures etched at
room temperature produced non-uniform porous
distribution with larger diameter porous [2, 4].

Despite some research being done on the impact of
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temperature on the quality of porous silicon such as in [13],
to our best knowledge, the fabrication of PGaN using direct-
current low-temperature photoelectrochemical etching
(LT-PEC) is still at an early stage and many fundamentals’
properties has not yet been explored. Thus, in this work,
PGaN was fabricated at low-temperature conditions to
overcome the problem caused by the heat from the UV
illumination. The effect of etching duration on the PGaN
optical and structural features was examined using a field
emission scanning electron microscope (FESEM), high-
resolution X-ray diffractometer (HR-XRD), atomic force
microscope (AFM), and Raman spectroscopy.

2. METHODOLOGY

The present study used commercially available n-type GaN
wafers that were unintentionally doped and grown on
sapphire substrates measuring 2 inches in diameter. The
wafer was then cleaved into several 1 cm x 1 cm pieces.
Prior to PEC, a solution containing a 1:20 ratio of
ammonium hydroxide (NH4+OH) dissolved in water (Hz0)
was used to remove the oxide present on GaN. This was
followed by a solution with a 1:50 ratio of hydrofluoric acid
dissolved in H20. Finally, the pieces were cleaned by boiling
in an aqua regia solution containing a 3:1 ratio of
hydrochloric acid (HCI) and nitric acid (HNOs).

Next, PGaN was fabricated by utilizing the proposed LT-PEC.
A water-cooling circulation system was employed to
maintain the LT-PEC at a stable temperature between 10
and 15°C throughout the etching process. The LT-PEC was
conducted in a Teflon anodization cell with a central
circular hole. The GaN sample was placed horizontally at the
bottom of the cell, pressed against the O-ring by a metal
plate, and fixed as the anode, while a platinum (Pt) wire
served as the cathode. The GaN sample was etched with a
4% concentration of potassium hydroxide (KOH)
electrolyte under 100W UV light for 45, 60, and 90 minutes,
with a constant current density of 60 mA/cm? Following
the LT-PEC process, the morphological characteristics of
PGaN samples were analyzed using field emission scanning
electron microscopy (FESEM, Model: XHR-FESEM FEI
Verios 460L) and atomic force microscopy (AFM, Model:
Dimension EDGE, BRUKER). Energy-dispersive X-ray
spectroscopy (EDX) was also performed to ascertain the
material composition of the PGaN surface.

NanoScope analysis was deployed for conducting AFM
analysis to explore the surface roughness and estimate the
average pore depth. High-resolution X-ray diffraction (HR-
XRD, Model: PANalytical X'Pert Pro MRD PW3040) was
utilized to assess the crystalline properties of the samples.
The optical properties of PGaN were examined via Raman
spectroscopy, conducted using a Renishaw inVia Raman
microscope system with a 20 mW HeNe laser (A=633 nm) in
z(x, unpolarized)Z scattering configuration.

3. RESULTS AND DISCUSSION

Photoelectrochemical etching (PEC) is a process in which
the semiconductor surface is initially oxidized, followed by
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the dissolution of the resultant oxides. A redox reaction
occurs when GaN comes into contact with the KOH
electrolyte, resulting in the formation of PGaN. Upon UV-
light illumination, electrons obtain enough energy to be
excited to a higher energy level, allowing them to exist in the
conduction band. Simultaneously, holes are generated in
the valence band as electrons are excited.

An upward band bending occurs on GaN films’ surfaces
when they come into contact with the KOH electrolyte.
Upward band bending pushes electrons away from the
interface and pulls holes closer to it. When electrons reach
the platinum (Pt) electrode, they engage in a cathodic
reaction with water molecules in the electrolyte, producing
hydrogen gas. As the holes are drawn to the GaN/KOH
interface, the surface of GaN becomes more oxidized and
increases the oxidation state of the surface. Furthermore,
holes are further collected at the GaN surface upon UV
illumination and enhance the flow of electrons toward the
Pt electrode. This process increases electron depletion at
the GaN'’s surface, which results in a further increment in
the oxidation state of the GaN’s surface [14]. The
decomposition of GaN is assumed to result in the formation
of GaN3+ with the development of nitrogen gas [15] as
shown in Equation (1):
—>

2GaN + 6h™* 2Ga3t + N, (1
Meanwhile, an oxidation reaction occurs between the
positively charged Ga3* ions and the OH™ ions from the

electrolyte, forming Ga-based hydroxides, specifically
Ga(OH); as shown in Equation (2):
Ga3* + 30H- —» Ga(0OH); (2)

Furthermore, the following OH™ reaction on the hydroxides
leads to the formation of hydroxides that are soluble in
water, as shown Equation (3). Subsequently, the
disintegration process results in the creation of porous GaN
formations.

Ga(OH); + OH —» Ga,(0OH); 3)
The surface morphologies of the PGaN samples etched for
45, 60, and 90 minutes were examined using FESEM
(Figure 1). As shown in Figure 1a, the as-grown GaN
exhibited a smooth and flat surface without any pores prior
to LT-PEC treatment. However, after 45 minutes of LT-PEC,
hexagonal-like structures with an average diameter of
221.76 nm began to form on the PGaN’s surface (Figure 1b).
At this initial stage of the LT-PEC process, these hexagonal-
like structures were shallow, with pores observed in only a
few areas. A similar hexagonal pore pattern in PGaN
structures has been observed in previous studies [16].

For the PGaN sample etched for 60 minutes, a significant
change in its surface morphology was observed (Figure 1c).
The formation of PGaN structures was more pronounced,
with a higher density of fairly uniform hexagonal pores
compared to the 45-minute PGaN.



At this stage, etching primarily occurred at the center of the
grain structures, leaving the grain boundaries unetched,
thereby revealing the hexagonal porous structures. In
addition to the higher pore density, the average pore
diameter of the 60-minute PGaN was 27.23 nm, which is
smaller than that of the 45-minute sample. Furthermore,
the pore diameters of the 60-minute PGaN were smaller
than those reported by other research groups, which were
obtained using PEC at room temperature conditions [12,
17].

The result demonstrates that LT-PEC significantly impacts
the surface morphology and the formation of PGaN
structures. Lowering the temperature during PEC not only
increased the pore density but also resulted in more
uniform and smaller pore diameters. Moreover, the
discrepancy in pore sizes between our study and those of
[12, 17] further supports the idea that pore diameters of
PGaN samples decrease during LT-PEC. The high density,
uniformity, and small pore size of the etched PGaN can be
attributed to the low etching temperature, which may
enhance the current efficiency of the dissolution process,
and result in increased porosity of the porous PGaN
structure [13]. Similar results were observed in [13] where
a greater number of pores with smaller diameters were
achieved by lowering the etching temperature. In addition,
[11] reported a more uniform pore as the etching
temperature decreased.

As the etching duration increased to 90 minutes, pore
formation in the PGaN became more obvious. As shown in
Figure 1d, the structure underwent a significant change
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compared to the 45- and 60-minute PGaN samples.

At this stage, larger hexagonal pores were produced as the
smaller pores merged with their surrounding pores. In
addition to that, dissolution at the center of the grain
became more prominent, leading to an increase in pore size.
The average pore diameter of the 90-min PGaN was
measured to be 119.53 nm. This study determined that as
the etching duration increased the pore size grew larger.

Image] software was used to estimate the porosity of the
PGaN samples. The detailed methodology for porosity
calculation has been explained in our previous work [18]. A
similar approach for calculating the porosity of porous
structures has also been carried out by other researchers
[19, 20]. Overall, it was observed that the porosity increased
as the etching duration increased. The 45-minute PGaN
exhibited the lowest estimated porosity (6.7%). This result
may be due to insufficient etching time to produce pores on
the GaN’s surface. Meanwhile, the 60-minute PGaN sample
showed the highest estimated porosity (36.0%) while the
90-minute PGaN sample had a porosity of 28.3%. These
results show that the high density and porosity of the 60-
minute PGaN make it a promising candidate for optical and
sensing device applications.

AFM measurement was employed to ascertain the average
surface roughness in root mean square (RMS) value. Figure
2 displays the 3D AFM images of as-grown GaN and PGaN
samples etched for varying etching durations. The
relationship between RMS surface roughness and estimated
average pore depth with etching duration is illustrated in
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Figure 1. The FESEM images of as-grown GaN and PGaN samples were obtained at different LT-PEC durations: (a) as-grown,
(b) 45 minutes, (c) 60 minutes, and (d) 90 minutes
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Figure 2. The AFM measurements of as-grown and PGaN were obtained at different LT-PEC durations; (a) as-grown GaN,
(b) 45 minutes, (d) 60 minutes, (f) 90 minutes and line scan tool used to calculate the estimated average pore depth using
NanoScope Analysis

Figure 3. To estimate the average pore depth, the cross-
section line scan tool of NanoScope Analysis was used,
which is a non-destructive method. Multiple crosslines were
drawn on the AFM image, and the average pore depth was
measured by the vertical distance between two cursors
from the sample surface to the pore depth, as depicted in
Figure 2(c, d, g, h). The average pore depth of the PGaN was
estimated using a similar technique as in research
conducted by [6, 21-24].

The as-grown sample as depicted in Figure 2(a), exhibits a
smooth surface with a small RMS value of 0.57 nm. Because
of the absence of pores on the as-grown GaN sample
surfaces the estimated average pore depth value was not
calculated for this sample. It is anticipated that as the
etching duration rises, the surface roughness (RMS value) of
the PGaN will also rise.
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As indicated in Figure 3, all porous samples exhibited a
greater RMS surface roughness in comparison to the as-
grown sample. The reason behind this is that the
photoelectrochemical etching (PEC), alters the surface
morphology of the GaN film, thereby raising both the
estimated average pore depth and surface roughness of the
PGaN. For the 45-minute PGaN sample, the RMS surface
roughness and estimated average pore depth value
increased to 3.84 nm and 4.42 nm, respectively. The 60- and
90-minute PGaN samples showed a similar growth pattern.
The 60-minute PGaN exhibited RMS surface roughness of
5.58 nm and an estimated pore depth of 5.63 nm. For the
90-minute PGaN sample, the RMS surface roughness
increased slightly, peaking at 5.90 nm, with an estimated
pore depth of 890 nm. The 60- and 90-minute PGaN
samples exhibited a higher RMS surface roughness and
estimated pore depth values than the 45-minute sample,
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Figure 3. The RMS surface roughness and estimated average pore
depth of PGaN samples at varying etching durations

indicating that etching duration significantly impacts
surface roughness and pore depth. This is because, as the
LT-PEC process progresses, the depth and density of the
pores also grow, making the surface appear rougher [5].
From this outcome, it can also be inferred that longer
etching durations resulted in deeper etching of the GaN
samples, thereby increasing their RMS surface roughness
and estimated average pore depth.

High-resolution X-ray diffraction (HR-XRD) was used to
analyze the crystalline quality and lattice parameters of as-
grown GaN and PGaN samples etched at different etching
durations. Figure 4 displays the 26 scan of HR-XRD data for
all the samples while Table 1 summarizes the diffraction
peak position, the full-width half maximum (FWHM),
average crystallite size, and peak intensity of the PGaN
samples that had undergone varying etching durations of
LT-PEC. Diffraction peaks attributed to GaN (0002) and
(0004) planes appeared at around 34.5° and 73.03°,
respectively, while the peak at around 41.6° was attributed
to the sapphire substrate.

From Table 1, the peak position of GaN (0002) in the 45- and
90-minute PGaN samples was consistent with that of the as-
grown GaN, with a minimal peak shift. However, the peak
position of the 60-minute PGaN sample at the (0002) plane
exhibited a shift toward the lower angle, indicating an
occurrence of stress in the PGaN samples [25].
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Figure 4. The 20 scan data of as-grown and PGaN samples

Furthermore, the peak intensity of GaN (0002) for all PGaN
samples was higher than that of the as-grown sample.
Moreover, the w-scan results of HR-XRD rocking curves
(RC) of the asymmetric (1012) and symmetric (0002)
planes were carried out to determine the as-grown GaN and
PGaNs' edge plus mix and screw plus mix dislocation
density, respectively. Overall, the FWHM value of the PGaNs
was higher than that of the as-grown GaN. This could be due
to the formation of non-stoichiometric Ga- or N-surfaces on
the PGaN samples following the LT-PEC process [10, 25]
which subsequently, increased their screw and edge plus
mix dislocation densities. The HR-XRD results show that
pore formation affects the peak intensities and positions as
well as FWHM values of the PGaN samples.

Figure 5 depicts the Raman spectra of the as-grown GaN and
PGaN samples. The internal stress of all samples was
monitored by detecting the frequency and the
characteristics of the polarization of the active phonons in

Table 1. A summary of the peak intensities and positions of the GaN (0002), average crystallite size, FWHM of RC (0002), and screw and

edge plus mix dislocation densities of as-grown GaN and PGaN samples that have undergone various LT-PEC etching durations

Peak pOSitiOH Peak intensity FWHM RC FWHM RC Nscrew plus mix Nedge plus mix
Samples GaN (0002) () of GaN (0002) (0002) (1012) dislocation dislocation
(count) (arcmin) (arcmin) density (cm-2) density (cm-2)
as-grown 34.555 14,715 3.510 6.23 8.91x107 7.43x108
45 minutes 34.582 6,898,823 3.696 6.50 9.88x107 8.09x108
60 minutes 34.477 61,644.47 3.642 6.57 9.59x107 8.27x108
90 minutes 34.582 4,711,248 3.720 6.67 1x108 8.52x108
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Figure 5. Raman spectra of the PGaN samples etched via LT-PEC
at various etching durations

the Raman spectra. The stress relaxation that occurred in
the PGaN samples was measured by determining the shift of
the Ez(high) phonon line relative to that of the as-grown
GaN. The Ez(high) phonon line of the 45-, 60-, and 90-
minute PGaN samples shifted by 0.83, 1.70, and 1.79 cm-1,
respectively. Therefore, their corresponding compressive
stress relaxations were 0.20+0.02, 0.40+0.02, and
0.42+0.02 GPa, respectively. The redshift of the E:(high)
phonon mode of PGaN samples increased with the duration
of etching, which further confirmed the strain relaxation of
the porous samples after porosification [26]. The amount of
stress relaxation was determined using the equation:
AWy, = Ko, where Ky is the proportionality (4.2 cm-!
GPa1) and ‘c’ represents the in-plane biaxial stress.
Moreover, under the Raman selection rules, Ai(LO) and
Ez(high) are the only allowed phonon modes in the
scattering geometry [14].

Furthermore, the spectra from the measurement are
primarily characterized by Ez(high) and A1(LO) phonons at
approximately 569 and 734 cm-1, respectively, aligning with
wurtzite GaN Raman selection rules [27]. However, unlike
as-grown GaN, all PGaNs exhibited A: transverse optical
(TO) and E1(TO) phonon modes. The presence of these two
peaks points towards altered optical properties in the PGaN,
likely due to crystal lattice disordering. This crystal lattice
disordering may enhance the light scattering from the
porous structure sidewalls [8, 28] and may eventually
change the polarization of the light [29]. Additionally, the
roughness and internal angles of such faceted crystallites
influence light reflection and refraction through repeated

scattering from a porous network built on randomly
oriented GaN crystallites. The Raman intensities of all the
samples are tabulated in Table 2. The Raman intensities of
the PGaN samples were higher than that of the as-grown
GaN. In addition to that, the etching duration has impacted
the intensity augmentation and changed significantly as the
surface morphology changed [25]. The Raman intensities
increased as the etching duration increased, with the 60-
minute PGaN sample exhibiting the highest Raman
intensity. This enhancement can be attributed to the high
density of small pores and the increased of porosity this
sample compared to other porous samples. Thus, eventually
improving the optical behaviour of the material. This
observation is also supported by [25], which reported that
a higher proportion of pores area resulted in greater
porosity, thereby leading to a higher Raman intensity. It was
found that multiple light scatterings were affected by the
different surface roughness and internal angles of such
faceted crystallites [25]. Furthermore, the increased anti-
reflectivity resulting from surface roughening and the
porous structure, which has a larger surface area, also
contributed to these effects [30].

Furthermore, the Raman intensities of the PGaN samples
increased with longer etching durations, indicating more
efficient light scattering in their porous structures [26].
PGaN has a greater specific surface area, which increases its
Raman intensities better than that of the as-grown GaN,
allowing it to function as a light trap and reduce reflectance
[31, 32]. The increase in the Raman intensity with longer
etching durations as shown in Table 2, can be attributed to
the greater number of photons scattered by the sidewalls of
the PGaN crystallites [26]. The superior optical properties
of the 60-minute PGaN suggest that it could hold significant
potential for sensor or optical applications [26].

4. CONCLUSION

The present study successfully fabricated PGaN samples
using the LT-PEC technique under different etching
durations. LT-PEC produced hexagonal-like porous
structures with the pore size, density, and porosity varying
depending on the etching duration. Both porosity and pore
size were increased with longer etching duration,
suggesting that LT-PEC duration plays a significant role in
pore formation on the GaN surface. The increase in porosity
coupled with smaller pore diameters, was influenced by the
etching temperature. Therefore, temperature significantly
affects the properties of PGaN. Additionally, longer etching
duration resulted in deeper etching of the GaN, leading to an

Table 2. The peak positions at Ez(high), A1(TO), and E1(TO) of PGaN samples etched via LT-PEC at various etching durations

Ez(high) A1(TO) E1(TO) Stress
Samples Peak position Intensity Peak shift Peak position | Peak position relaxation
(cm-1) (arb. unit) (cm-1) (cm-1) (cm-1) (GPa)
as-grown 569.98 47065.60 - - - -
45 minutes 569.15 60016.98 0.83 532.42 559.59 0.20
60 minutes 568.28 80662.10 1.70 532.42 559.59 0.40
90 minutes 568.19 76049.80 1.79 532.42 559.59 0.42
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increase in surface roughness and estimated average pore
depth. The Raman study revealed that stress relaxation was
observed in the PGaN samples. The 60-minute PGaN sample
exhibited the highest Raman intensity and superior optical
behaviour compared to the as-grown GaN, making it highly
suitable for application in efficient optoelectronic devices.
Overall, this investigation demonstrates that LT-PEC under
different etching durations significantly influences the
structural and optical properties of PGaN samples.
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