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Abstract: This work presents the role of graphene in improving the performance of a porous GaN-
based UV photodetector. The porous GaN-based photodetector, with a mean pore diameter of 35 nm,
possessed higher UV sensitivity, about 95% better compared to that of the as-received (non-porous)
photodetector. In addition, it exhibits a lower magnitude of leakage current at dark ambient, about
70.9 µA, compared to that of the as-received photodetector with 13.7 mA. However, it is also highly
resistive in nature due to the corresponding electrochemical process selectively dissolute doped
regions. Herein, two types of graphene, derived from CVD and the electrochemical exfoliation
(EC) process, were cladded onto the porous GaN region. The formation of a graphene/porous
GaN interface, as evident from the decrease in average distance between defects as determined
from Raman spectroscopy, infers better charge accumulation and conductance, which significantly
improved UV sensing. While the leakage current shows little improvement, the UV sensitivity was
greatly enhanced, by about 460% and 420% for CVD and EC cladded samples. The slight difference
between types of graphene was attributed to the coverage area on porous GaN, where CVD-grown
graphene tends to be continuous while EC-graphene relies on aggregation to form films.

Keywords: graphene cladding; porous GaN; high sensitivity; UV photodetector

1. Introduction

Graphene is best described as a single layer of carbon atoms arranged hexagonally on
a flat two-dimensional (2D) plane. It is also known as a zero-gap material with excellent
electronic and thermal properties [1–3]. Several known methods such as chemical vapour
deposition (CVD), electrochemical exfoliation (EC), Hummers, and so on have gained
interest in the scientific community for graphene production [3–11].

Graphene films of lower defects and thickness of monolayers can be grown on copper
substrate using the CVD method [10–13]. This method employs vacuum furnace and
flow meters, as well as hydrocarbon precursors (e.g., methane) and hydrogen, in order
to facilitate the necessary chemical reactions. The aforementioned reactions ascribed to
the decomposition of vapour phase hydrocarbons under hot (~1000 ◦C) and reducing
(hydrogen) environment subsequently condensed on the copper surface, which catalyses
graphene growth. Given the costly production, other alternatives have been explored
as well.

The EC methods operate through the insertion of chemical ions between graphene
layers within a graphitic structure. This mechanism is also known as intercalation. Ions of
larger size such as SO4

2− would be suitable to be intercalated between graphene layers,
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which leads to structural expansion. Consequently, this weakens the van der Waals forces
between graphene layers, making them easier to exfoliate. The exfoliation can be performed
using various methods, including microwave, sonication, and so on. With optimization,
micron-sized graphene flakes can be obtained [3,14,15].

Gallium nitride (GaN) belonged to the family of group III-nitrides. GaN, a type of
semiconductor with a direct bandgap of 3.4 eV, is essential in optoelectronics applications
such as light-emitting diodes (LEDs) and ultraviolet (UV) photodetectors (PDs) [16–18].
In recent years, nanostructured GaN has gained popularity in terms of producing more
sensitive and efficient devices with higher surface-area-to-volume ratios. One of the known
nanostructured GaNs is porous GaN, which is obtained through UV-assisted photoelectro-
chemical etching (PEC) of thin-film GaN [19,20]. The PEC of GaN can be achieved with
or without biasing potential under either acidic or alkaline medium, provided the sample
was kept illuminated with a UV light source. Among the options, the presence of biasing
potential ensured the uniform etching of GaN. In either acidic or alkaline medium, the
etching commenced preferably in the doped region, where the resistance was low. As
a result, the post etched region would be highly resistive; however, this feature can be
exploited in the fabrication of sensors [21].

Photodetectors (PDs) in general are important components in various optical systems
ranging from medical to military applications [22–25]. PDs in general can be categorized
into two groups based on their operating mode, i.e., photovoltaic and photoconductive
mode [22]. One major difference is the necessity of external bias, where the former is self-
operating, while the latter requires an external bias for better charge transport. It is note-
worthy that photovoltaic PDs have great importance in sustainability as they self-operate,
with one notable work from Song et al., investigating the performance of MXene/GaN UV
PDs [26]. On the other hand, photoconductive PDs are equally important in other sectors.

While a variety of PDs has been produced annually, there is still ongoing research on
further improving their performance. Under demanding situations, a good PD should be
able to operate with high speed, responses, sensitive, stable, and well-defined bandwidth.
These criteria, however, are highly influenced by the surroundings and the sensing material.
One particular example is PDs operating at the UV range, where constant illumination
from such a wavelength would induce localized heating, potentially affecting the PDs’
sensitivity [27]. Conventionally, such PDs are derived from Si-based sensors with pho-
tomultiplier tubes, which consisted of complex architecture. With the discovery of wide
bandgap semiconductor materials such as GaN, its inherent thermal and chemical stability
ensure stable performance [28,29].

Despite the positive aspects of GaN, it faces several challenges in limiting its role as a
PD. Due to the limited choice of substrates that matches with the lattice of GaN, defects
such as dislocations would be formed during growth. Meanwhile, the intrinsic nature of
GaN requires doping to achieve a reasonable conductivity. With low activation energy, a
higher concentration of dopants would be introduced during growth to compensate for
such losses. Consequently, this would reduce carrier mobility, thus leading to a slower
response [28].

Application of graphene in optoelectronic devices was made possible since it is highly
optically transparent (97.7% with monolayer) while retaining good electrical conductivity
with charge mobility exceeding 100,000 cm2V−1s−1 [30,31]. In recent years, graphene was
sought out as the potential material in further enhancing the performance of PDs. The was
owed to the unique band structure of graphene, which can be described as the two vertices
of inverted triangles meeting at a singular point known as the Dirac Point [32]. The lack of a
notable bandgap infers broadband operation, i.e., it is capable of photodetection at a wider
range of wavelengths. Next, due to the stable sp2 hybridization of carbon atoms, graphene
lacks dangling bonds that enable better charge mobility. In addition, the weak Fermi
Level Pining (FLP) effect lowers the potential barrier at the heterojunction, which enables
better sensing for PDs [31,33–36]. This also infers that graphene heterojunctions would
have rectifying behaviour in general. Examples of graphene heterojunction involving
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semiconductor material such as GaN, GaAs, and Si to make optical devices would be
rectifying in nature [37–41]. Despite the numerous advantages of graphene/semiconductor
heterojunction devices, they are susceptible to changes such as defects at the heterojunction.
This necessitates studies to be conducted for such heterojunctions.

In this work, a total of four UV photodetectors were fabricated and compared. They
were categorized into two groups, with or without graphene cladding. The former consisted
of two samples, i.e., as-grown and porous morphology GaN, which acted as control samples.
On the other hand, the porous GaN in the latter group was cladded with graphene grown
either using chemical vapour deposition or the electrochemical exfoliation method. The
role of this graphene on the performance of a porous GaN-based UV photodetector is
compared and evaluated.

2. Materials and Methods

This work can be divided into two stages, namely device fabrication and sensing
evaluation. The device fabrication stage comprised synthesis of porous GaN and graphene
materials and assembling the UV photodetector. For sensing evaluation, the photodetector
will be tested on its current-voltage (IV), sensitivity-transient, and response/recovery time
under both dark and UVA illumination.

2.1. Fabrication of Porous GaN

In this work, porous GaN was fabricated using a photo-electrochemical etching
(PEC) method. Prior to that, a 2-inch GaN/sapphire wafer was diced into pieces of
12.7 × 6.35 mm2. The cleaved wafers were sonicated in isopropyl alcohol (IPA) and ace-
tone for 5 min each to remove surface impurities. Next, they were washed in deionized
(DI) water, and finally dried under N2 stream.

A two-electrode electrochemical setup was used to fabricate porous GaN. The GaN
wafer served as the anode, while that of Pt wire was the cathode. Both electrodes were
partially immersed in an electrolyte solution, consisting of a mixture of 0.5 M H2SO4 and
H3PO4. A UV light source was illuminated on the GaN wafer prior to applying 20 V
across the electrodes. Both processes are necessary to initiate the formation of porous
morphology on the GaN wafer. The overall process lasted for 30 min. The anodized GaN
wafer was subsequently removed and thoroughly washed with DI water in order to remove
acidic residues.

2.2. Synthesis of Graphene

Both CVD and the electrochemical method were used to synthesize graphene in this
work. In the CVD growth, Cu foil (6.35 × 6.35 mm2, Strem, >99.9%) was loaded into a
horizontal tube furnace. The furnace temperature subsequently was raised to 800 ◦C. The
Cu foil was subjected to H2 annealing (flow rate of 150 standard cubic centimetres per
minute (sccm)) for 10 min to improve its crystallinity. Next, heptane vapour and H2 gas
were channelled into the furnace with (1 standard cubic foot per hour (scfh) and 150 sccm,
respectively) to initiate graphene growth. The process lasted for 30 min. Finally, the furnace
was cooled down naturally, and the graphene/Cu sample was removed.

Electrochemically exfoliated graphene was performed in a two-electrode electrochem-
ical cell, with a graphite rod being the anode, while that of Pt was the cathode. A mixture
of H2SO4 and (NH4)2S2O8 (both 0.25 M) would serve as the electrolyte. A total of 2.5 V
was applied across the electrodes to trigger the wetting of the graphite rod. After 5 min,
the potential was raised to 5 V, which initiates the exfoliation process. Exfoliated graphene
sediments were notably seen within 30 min. Next, the sediments were vacuum filtered and
washed several times to remove traces of electrolyte. Finally, the graphene powder was
dried and stored in a vial.
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2.3. Fabrication of UV Photodetectors

The graphene cladding deposited on porous GaN can be described schematically in
Figure 1 and as follows: on CVD grown graphene, a layer of polymethyl methacrylate
(PMMA) was spin-coated on the graphene layer and baked at 100 ◦C for 2 min to harden.
Next, the underneath Cu was etched using concentrated FeCl3 solution. The suspended
PMMA/graphene was subsequently scooped and washed several times with DI water
before being overlaid on porous GaN. Finally, the CG-GaN sample was washed with
acetone in order to remove the PMMA layer. A total of four PDs were fabricated and their
nomenclature and electrode positions were listed in Table 1.
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Figure 1. Schematic drawing (not to scale) of the UV photodetector.

Table 1. List of UV photodetectors along with nomenclature in this work.

Type of Sample/Nomenclature 1 Electrical Contacts Location

As-received Both ends
Porous GaN/(Pr-GaN) Porous (partial), non-porous

2 CVD-graphene-GaN/CG-GaN Graphene (partial), non-porous
2 EC-graphene-GaN/EC-GaN Graphene (partial), non-porous

1 Conductive silver paste was used as electrical contacts. 2 The graphene cladding is located on top of porous
GaN only.

For electrochemically exfoliated graphene, 20 mg of EC-graphene powder was dis-
persed and sonicated in N,N-dimethylformamide (DMF) for 1 h. Then, the dispersion was
left overnight to allow heavier unexfoliated graphite chunks to sediment. The graphene
suspension was centrifuged at 4000 rpm for 2 h subsequently. Next, a few drops of water
were added to promote the aggregation of graphene flakes. This was further assisted
with the addition of heptane, which trapped the graphene film between heptane/DMF
interfaces. The graphene film was drawn onto porous GaN when the latter descended into
the heptane/DMF interface. This method is known as solvent-interface trapping (SIT) [42].

2.4. UV Photodetector Characterizations

The morphologies of the UV photodetectors were characterized using a field-emission
scanning electron microscope (FEI Nova NanoSEM 450, FEI, Hillsboro, OR, USA). Mean-
while, Raman spectroscopy (Jobin Yvon HR800, HORIBA, Kyoto, Japan) was used to
characterize the vibrational modes of graphene. The incident source generated by Ar+ laser
with a wavelength of 514.5 nm, operating at 20 mW. The UV sensing characteristics, i.e.,
current–time (I–T) and current–voltage (I–V) of all photodetectors, was performed using a
Keithley 4200 source meter, with a UV light source obtained from a UVA black light tube
with a peak wavelength of around 355 nm. The optical power density that illuminates the
sensor was determined to be 13.6 mW/cm2.
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3. Results

Figure 2 shows the morphologies of as-received GaN, Figure 2a, and porous GaN,
Figure 2b. Prior to PEC etching, the as-received GaN exhibits a smooth morphology. A
porous morphology was obtained upon PEC etching, which is exhibited as dark spots
that can be seen in Figure 2b,c. In the latter figure, the magnified view enabled some
quantitative analysis, i.e., determining pore diameter to be conducted. Through image
processing employing Image J, the statistical data about the pore diameter were obtained
and are shown in Figure 2d. In that figure, the average pore diameter was revealed to be
35 nm.
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GaN, and (d) pore diameter distribution of porous GaN.

Figure 3 shows the various types of graphene claddings on porous GaN, and the
combination of both also served as the UV sensing layer. In Figure 3a, the area with
and without graphene cladding can be seen, with the latter exhibiting a darker contrast.
Between CVD-grown and EC-exfoliated graphene, the former shows a continuous film
with minor wrinkles (in Figure 3b) that were ascribed to folding when transferring the film
onto porous GaN. The latter, as shown in Figure 3c, was exhibited as micron-sized flakes,
which showed discontinuity at various areas, and otherwise overlapped onto one another,
which can be seen in the yellow circle in Figure 3d.

Figure 4 shows the compilation of Raman spectra for various samples. In Figure 4a,
Raman spectra between the as-received and porous GaN are displayed. From there,
both spectra exhibit identical peak positions at 569 and 737 cm−1, which attribute to the
E2(HI) and A1(LO) mode of GaN [43]. It should be noted that the GaN is c-oriented and
the Raman configuration adopted was z(x , unpolarized)z ; hence, such modes would
be allowed. Upon PEC etching, additional modes were revealed. These modes were
deemed forbidden under this Raman configuration; however, their existence also infers the
successful formation of a porous network, where Raman scattering would take place along
the pore walls, which consisted of non-c-oriented facets. The additional modes detected
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were centred around 533 and 561 cm−1, which were ascribed to the A1(TO) and E1(TO)
modes of GaN, respectively [43].
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The Raman spectra of CVD-grown and EC—exfoliated graphene are presented in
Figure 4b. Common peaks attributed to graphene can be observed around 1530 and
1589 cm−1, which are assigned to the D and G bands, respectively [44]. On the other hand,
Figure 4c shows the Raman spectra of graphene cladding on the porous GaN surface.
Compare to Figure 4b, an additional peak at ~1460 cm−1 attributed to the second-order
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A1(LO) mode of GaN was spotted [45]. While no significant peak shift occurred in the D
and G peaks relative to that in Figure 4b, the intensity ratio, ID/IG, changed. Meanwhile,
the 2D bands remained lower than the G bands for both samples. This feature is ascribed
to the presence of multilayer graphene.

Figure 5 shows the current density–voltage (J–V) curves of all four UV photodetectors
taken under dark (Figure 5a) and UV (Figure 5b) conditions. Rectifying behavior was
mostly observed in mostly all photodetectors, with the as-received GaN being less sig-
nificant. From there, photodetectors consisting of porous morphology clearly exhibited
lower current compared to that of as-received GaN. This was ascribed to the mechanism
of porous GaN formation, where doped regions were selectively etched. Consequently,
this resulted in a higher resistance, which translates to a significant decrease in current
upon biasing.
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Figure 6 shows the sensitivity-transient profile of all four UV photodetectors. The
sensitivity, S, can be evaluated using the following formula:

S =
IUV − Idark

Idark
(1)

where S is sensitivity, IUV is the current measured under UV illumination, and Idark is the
current measured under a dark condition.

The bias voltage was set to 5 V for all measurements. Among the four photodetectors,
CG-GaN gave the highest sensitivity, about 4.6, followed by that of EC-GaN (~4.2), then
Pr-GaN (~0.95), and finally as-received GaN (~0.01).

Following Equation (1), the responsivity, RI, and external quantum efficiency (EQE) of
the sensors can be determined using the following formulae [22]:

RI =
Iph

P
(2)

EQE =
hc
eλ

RI (3)
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where Iph is the photocurrent, Iph = IUV − Idark; P is the incident light power impinged
on the sensor’s surface; h is the Planck constant; c is the speed of light; e is the electronic
charge; and λ is the incident wavelength.
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Since both responsivity and EQE are dependent on the magnitude of photogenerated
current, they scaled accordingly to that of sensitivity. The as-received GaN possessed
the lowest responsivity of about 0.066 A/W, with 23% EQE. Both of these parameters
experienced a significant increase when the morphology of GaN was made porous, with
responsivity and EQE of 0.59 and 206% respectively. By cladding the porous GaN surface
with graphene, improved responsivity and EQE was noted; however, when comparing
among the types of graphene claddings, their differences were lesser. The highest recorded
responsivity and EQE in this work were 1.23 A/W and 430%, respectively, when CVD-
grown graphene was used as cladding.

From Figure 6, besides the responsivity and EQE, the response and recovery time of
each photodetector can also be estimated. The response and recovery time can be defined
as the time taken for the sensor sensitivity to rise from 0 to 63.2% and from 100 to 32.8%,
respectively. To summarize the obtained results, they were tabulated in Table 2.

Table 2. Summary of photodetector parameters in this work.

Type of Sample/
Nomenclature Sensitivity Response

Time (s)
Recovery
Time (s)

Responsivity
(A/W) EQE (%)

As-received 0.01 3.3 1.8 0.066 23
Porous GaN/

(Pr-GaN) 0.95 0.9 7.8 0.59 206

EC-graphene-
GaN/EC-GaN 4.2 2.6 4.8 1.11 390

CVD-graphene-
GaN/CG-GaN 4.6 1.2 8.7 1.23 430

The as-received GaN exhibited the greatest response time, about 3.3 s, compared to
those with porous morphology. This is ascribed to the separation of photogenerated carriers
occurred at the surface, where the higher surface area in Pr-GaN would be advantageous
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in producing more photocurrent, providing a more responsive response. The addition of
graphene cladding raises the response time, with EC- and CG-GaN having response times
of 1.2 and 2.6 s, respectively. Meanwhile, the recovery times for Pr-, CG-, and EC-GaN
remained higher than their response time, varying from 4.8 to 8.7 s.

4. Discussions

The formation of porous morphology on GaN through PEC can be ascribed to the
following chemical reaction [21]:

2GaN + 6h+ → 2Ga3++N2 (4)

where GaN underwent dissolution in an acidic medium in the presence of photogenerated
carriers due to UV light illumination. This electrochemical process occurred preferentially
towards the doped region, hence leading to the formation of a porous network. The average
pore diameter as determined from the histogram was 35 nm, and with densely packed
pores distributed throughout the porous GaN surface, this led to higher surface area that
promoted greater sensing compared to that of the as-received GaN.

GaN in general possessed a hexagonal wurtzite structure, with a space group of
C4

6V. Under group theory, a total of eight sets of phonon modes were predicted measured
from Γ = 0 in the Brillouin zone. These modes were categorized in this manner: 2E2,
2A1, 2E1, and 2B1. From there, one of the A1 and E1 modes was Raman active, while
all of the B1 modes were silent [46]. In Figure 4a, the as-received GaN was comprised
of two notable peaks that were ascribed to E2(HI) and A1(LO). When correlated to the
Raman configuration of z(x , unpolarized)z , it is discernible that the as-received GaN was
c-oriented. Due to the dissolution of GaN through PEC etching, other facets have been
exposed, and as light scattering occurred along the pore channels, modes that were deemed
forbidden under the aforementioned Raman configuration such as E1(TO) and A1(TO)
would be shown.

The differences among Raman spectra, seen in Figure 4b,c, have provided some
insights into the interaction between graphene and the porous GaN surface. Prior to that,
the characteristics of the graphene film need to be studied. Through studying the Raman
spectra in Figure 4b, it can be seen that CVD-grown graphene possessed higher ID/IG
than that of EC-exfoliated graphene. This is largely attributed to the growth mechanism of
CVD graphene employing heptane as a precursor. For typical CVD graphene, hydrocarbon
precursors, such as methane, underwent stepwise decomposition under hydrogen ambient,
subsequently condensed on the copper surface. Due to the poor solubility of carbon
towards copper, additionally being the mono carbon atom, the condensed carbon atoms
would have more room for crystallization, which resulted in larger grains. In contrast
to the use of heptane (heptane contained seven carbon atoms), the decomposition of a
longer hydrocarbon chain would be less efficient, hence resulting in smaller crystallites
being formed.

The ID/IG ratio can be further used to determine the average crystallite size (La) and
average distance between defects (LD) by employing the Tuinstra–Koenig relation [47]:

(LD)
2
(

nm2
)
=

(
1.8 × 10−9

)
× λ4 ×

(
ID

IG

)−1
(5)

La(nm) =
(

2.4 × 10−10
)
× λ4 ×

(
ID

IG

)−1
(6)

where λ is the wavelength of the incident Raman laser, which is 514.5 nm in this work.
The La for EC- and CVD graphene were 17.5 and 11.6 nm, while those of LD were

11.5 and 9.3 nm. The comparable La to LD infer that defects would be located at the edges
of graphene crystallites. This leaves the in-plane domains having available π-bonds that
would interact with the porous GaN surface.
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Figure 4c shows the Raman spectra of graphene cladding on the porous GaN surface.
Compare to Figure 4b, an additional peak ~1460 cm−1 was attributed to the second-order
A1(LO) mode of GaN [45]. It was noted that the ID/IG ratios for both samples have
increased relative to that without GaN. By using the Tuinstra–Koenig relation, the LD for
both EC- and CVD-graphene cladding can be determined, i.e., 8.5 and 7.4 nm, respectively.
The decrease of LD was expected as it signified the presence of interfacial interaction
between graphene and porous GaN. Graphene in general acted as a topology insulator,
where charge conduction performed better within the basal plane. This leaves the outer π
clouds uninterrupted. As the porous GaN surface was resistive due to losses of carriers
through PEC etching, having the π clouds from the graphene layers resulted in interfacial
interaction. This effect was exhibited when electrical characterizations were performed.

The analysis of Figure 5a leads to some interesting findings. The current magnitude
at the 5 V reference point was shown to decrease according to the photodetectors of as-
received GaN, Pr-GaN, EC-GaN, and CG-GaN. While the decrease was attributed to the
resistive nature of porous GaN, the graphene claddings in general were electrically con-
ductive, which suggests higher current compare to that of Pr-GaN. However, the contrary
occurred. This implies that graphene cladding served other roles as well. One plausible role
is the formation of a space-charge region at the graphene/GaN interface, which impedes
the flow of charge unless sufficient energy was supplied. When comparing EC- to CG-GaN,
the latter shows even lower current. This can be correlated to the distribution of graphene
on the porous surface of GaN. CVD-grown graphene possessed continuous domains that
provide good surface coverage compared to that of EC-GaN, which in turn led to more
interfacial interactions.

Another interesting feature is the negative bias region, where the current magnitude
was significantly lower for photodetectors with porous morphology. This feature can be
attributed to leakage current, where lower magnitude is desirable for photodetectors. From
there, the as-received GaN would have a higher leakage current compared to others, i.e.,
−13.7 mA at −5 V. This was attributed to the carriers in as-received GaN being higher
compared to the other samples. Upon undergoing PEC, the leakage current significantly
decreased, being −70.9 µA or 0.52% relative to that of as-received GaN. The inclusion of
graphene claddings seemed to contribute lesser changes towards leakage current, with EC-
and CVD-graphene cladding contributing to −83.5 and −63.6 µA, respectively.

In Figure 5, some changes in current magnitude were observed for photodetectors
upon UV light illumination. Interestingly, in the negative bias region, the leakage current
seemed to increase for photodetectors with porous morphology, with the exception of
CG-GaN having the least leakage current among the others. This substantiates the role of
graphene cladding with good coverage to impede the flow of charges in the negative bias
region. Although the photodetector exhibited responses towards UV light illumination in
the form of an increase in current magnitude, current-transient responses would be more
suitable for providing a clearer picture.

The variations of sensitivity for various photodetectors as shown in Figure 6 remained
intriguing. By comparing as-received and Pr-GaN, it was expected the latter would have
higher sensitivity compared to the former due to the significant increase in surface area.
Interestingly, upon cladding the porous GaN surface with graphene, the sensitivity was
further enhanced. Given the morphological aspects of graphene, the enhanced sensitivity
was less likely contributed by an increase in surface area. Based on the earlier results
from Figures 4 and 5, interfacial interaction between porous GaN and graphene has led
to the formation of a space-charge region. This region is not only better at impeding
charges flow in the reverse bias condition but also provides a shorter path length for
charge transportation upon UV illumination. This would translate into higher sensitivity
for such sensors. Meanwhile, when comparing both CG- and EC-GaN photodetectors,
their difference in sensitivity was less notable. However, CG-GaN would retain a higher
sensitivity compared to EC-GaN, which can be attributed to the distribution of graphene
cladding. CVD-grown graphene is regarded as a continuous film, hence providing better
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cladding compared to that of electrochemical exfoliation, which requires control over
surface tension in order to aggregate graphene flakes that could still provide small voids
upon successful SIT deposition.

The response time for the photodetectors was reduced when made into porous mor-
phology, additionally cladded with graphene. The rise can be ascribed to the additional
time required to overcome the space-charge region between graphene and the porous GaN
surface. Meanwhile, the slight difference between EC- and CG-GaN was likely due to
the coverage of graphene on porous GaN. Since CVD-grown graphene provides better
coverage, this also inferred more space-charge regions between interfaces. Despite the
improved response time, the recovery time behaved otherwise. The increase in recovery
time was attributed to the resistive nature of the photodetectors. While being responsive
towards photogenerated carriers, the photodetectors have become more resistive, while
the presence of space-charge regions in graphene-cladded photodetectors has to be taken
into account. This inferred more time required to dissipate the remaining photogenerated
carriers when sensing the ambient changes from UV light illumination to dark.

Based on the obtained experiment results, the sensing mechanism of the UV sensor in
this work was proposed and translated figuratively in Figure 7. Since the UV sensors require
an external bias to operate, they can be regarded as operating under a photoconductive
mode. For as-received GaN, as shown in Figure 7a, two metal contacts consisting of
conductive silver paint were applied on both ends of the sample. The exposed surface
would serve as an active layer where photogenerated carriers would be induced upon UV
light illumination. Since GaN is capable of absorbing UV light owing to its wide bandgap,
photogenerated carriers would preferably form near the surface. This also implies the
number of photogenerated carriers would be lesser compared to the other sensors in this
work; hence, lower sensing would be expected. The J–V characteristics of this sensor were
almost linear, with little signs of rectifying behaviour with large leakage current. This was
likely due to the symmetrical placement of the silver contacts on the GaN surface; hence,
charge flow was possible in either direction. In addition, silver has a lower metal work
function; hence, the barrier between silver/GaN was less notable, enabling charge flow
with lesser resistance.
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For Pr-GaN, the surface of GaN has been etched to reveal a porous morphology. This
has significantly increased its surface area, which leads to higher absorption of UV light
along the pore channels. Consequently, the additional photogenerated carriers would lead
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to higher sensitivity. The J–V characteristics for this sensor exhibit discernible rectifying
behaviour. This was likely due to the surface passivation of porous GaN, where a rather
thin layer of oxide formed on the surface of GaN. The passivated layer would induce a
potential barrier between the porous GaN interface, trapping photogenerated carriers until
sufficient energy was supplied to properly conduct them.

Upon introducing graphene cladding to porous GaN, an additional mechanism was
included. This involved the electrical polarization at the graphene–porous GaN interface.
The sp2 hybridization of carbon in graphene leads to unbound charges at the π-orbital, or
π-cloud, that permit interaction with various compounds. In this work, a built-in electric
field was induced at the graphene/porous GaN interface, which led to more notable
rectifying behaviour. Since the placement of metals contacts was not symmetrical, i.e., one
on the graphene surface and the other on the GaN (non-porous) surface, charge conduction
became polarization-dependent, which led to the suppression of current flow in the reverse
bias configuration. Although the graphene/porous GaN heterojunction possessed a built-
in electric field, the weak Fermi-level pinning has eased charge migration from porous
GaN to graphene, which leads to enhanced sensing performance.

5. Conclusions

Graphene has been synthesized using two methods, namely CVD and EC. The
graphene materials were cladded onto the surface of porous GaN (Pr-GaN), where the
overall product would be a UV-photodetector, and subsequently, their performances were
evaluated. Between the two types of graphene claddings, there were some notable differ-
ences. Morphologically, the CVD method could be used to grow a continuous 2D graphene
sheet, while micron-sized graphene flakes were obtained using the EC method. Despite
both types of graphene having almost similar crystallite size La and comparable average
distance between defects LD. Although Pr-GaN had a higher exposed surface area for UV
sensing, its performance was significantly improved with the integration of graphene, i.e.,
graphene/Pr-GaN heterojunction. Through such integration, the LD was slightly reduced.
However, in terms of performance, CG-GaN showed the highest response, followed by EC-
GaN, with sensitivities of 4.6 and 4.2, respectively. It should be noted that there were lesser
differences between the aforementioned in this manner. On the responsivity and EQE, it
was found that the as-received GaN possessed values of 0.066 A/W and 23%, respectively,
while CG-GaN showed 1.23 A/W and 430%. The presence of the potential barrier was
deduced to be present for Pr-GaN in the form of surface passivation, hence resulting in
rectifying behaviours in the J–V profile. The inclusion of graphene claddings induced a
built-in electric field at the heterojunction that further suppressed reverse leakage current,
while serving as a current collector to further enhance the sensitivity of the photodetector.
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