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A new type of ultraviolet photodetector was fabricated by integrating GaN nanoparticles as the absorber
and graphene as the carrier transport channel. The GaN nanoparticles prepared by metal-organic chemical
vapor deposition exhibited the average diameter, height and density of 87.2 nm, 18.4 nm and 5 x 10°/cm?,
respectively. The chemical component and optical properties of the GaN nanoparticles were also confirmed
and discussed. The monolayer graphene film was transferred onto GaN nanoparticles for the detector
fabrication, which possessed the high crystalline quality and uniform coverage. Since the GaN nanoparticles
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G;;\I nanoparticles providing trap states for the photo-generated hole, a longer carrier lifetime and higher gain would be ob-
Graphene tained. In addition, based on the high carrier mobility of the graphene, the ultraviolet photodetector ex-

hibited a persistent photoconduction effect and achieved a high responsivity of 200.69 A/W. The Kelvin
probe force microscope measurements were carried out to reveal the device work mechanism and the
carrier transport model has been established according to the decreased graphene surface potential of
0.2 eV before and after contacting with the GaN nanoparticles. Present work provides a method for ob-
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taining new types of lll-nitrides-based ultraviolet photodetectors with high response.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Ultraviolet (UV) photodetectors (PDs) with high response are es-
sential for both civilian and military demands, such as fire monitor,
flaw detection, biological imaging, and missile warning [1-4]. Till now,
GaN epilayer has been widely used as the UV absorber of PDs due to its
wide direct bandgap of 3.4 eV. In addition, the unique properties of
high breakdown voltage and chemical/thermal tolerance have made
GaN-based UV PDs excellent stability and lifetime [5,6]. Among the
various device structures of the UV PDs, the metal-semiconductor-
metal (MSM) has exhibited the advantages of a low-cost and easy
fabrication process [2,7]. Therefore, the UV PDs with metal-GaN-metal
structures have been widely applied. Unfortunately, the lattice and
thermal mismatch during GaN heteroepitaxy on foreign substrates
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have induced high-density dislocations (TDs) and point defects in the
epitaxial materials [8]. These defects in GaN epilayer act as the scat-
tering/ recombination centers for photo-generated carriers, which
hinder the separation of electron-hole pairs and the extraction of the
photo-electric signal by the metal electrodes, and thus restricting the
deeper development of GaN materials in high-response UV PDs.
Beyond GaN epilayer, the micro- and nano-structures including
columns, wires, hexagonal pyramids, and particles have exhibited
better crystalline quality. It is considered that these low-dimensional
structures with large surface-to-volume ratios are beneficial for the
strain release and TDs suppression [9]. Heterostructure UV PDs based
on one-dimensional Al,Ga;_4N and GaN nanowires have achieved high
responsivity of 10%-10* A/W via precisely controlling the junction in-
terface, component and doping [10-12]. For instance, the hetero-
structure of Ga,03/GaN obtained by partial thermal oxidization of the
GaN nanowire was proposed for high-response UV detection. The ex-
cellent optical properties of the vertical nanowire structure and the
internal gain mechanism resulted in a high responsivity exceeding
550 A/W at =5 V [11]. As the comparison, zero-dimensional GaN na-
noparticles (NPs) might be a better choice for UV detection according
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to their advantages including the easy fabrication process and mass
production ability. The Stranski-Krastanov (SK) growth mode is con-
ventionally applied for the synthesis of GaN NPs [13,14], but it relies on
the stress accumulation induced by the large lattice mismatch between
the epitaxial materials and the underneath substrates. Therefore, the
size and density of the different epitaxial materials are hardly con-
trolled on present limited substrates. Besides, the Ga droplet epitaxy
based on the vapor-liquid-solid mechanism is another choice, which
exhibits advantages of easily tailored size and density for GaN NPs
since this growth process is not constrained by the lattice mismatch
condition [15-17]. Recently, Hu et al. reported the photodetector with
the self-assembled InGaN quantum dots as the light absorber, which
exhibited a high gain of 10° with the 450 nm light illumination [18].
These results demonstrate that the low-dimensional GaN NPs might
also be a better choice as the deeper UV absorber for new types of
high-response PDs, however, the UV PDs based on the GaN NPs ab-
sorber are still not well studied.

Graphene is a two-dimensional material with ideal optical
transparency, adjustable Femi level (Eg), and high carrier mobility,
which can competently serve as transparent electrodes as well as
carrier transport channels for various optoelectronic devices [19,20].
Moreover, the electronic/magnetic properties and the structural
stability of graphene can be controlled by the embedded foreign
atoms, such as Cr/Mo [21], N [22] and V/Nb [23]. In addition, gra-
phene also shows great potential for photocatalytic decomposition
of water [24]. According to the tremendous performance, the GaN
epilayer integrated with graphene has been proposed to fabricate UV
PDs [25-29]. In this device structure, graphene plays as the transport
channel for the carriers generated from the GaN epilayer, which
would increase the carrier collection efficiency due to its high mo-
bility. Although the enhanced performance of these devices has been
proved, the responsivity still limited by tens of A/W or even less
[25-27]. Several recent works have focused on the graphene and
GaN materials optimization for improving the performance of the
devices. Shen et al. proved a fast-response UV PDs by transferring
the MMA-enabled ultraclean graphene onto GaN epilayer, which
achieved the short response time of 0.5/1.12 ms [28]. Moreover, Li
et al. used the nanoporous GaN instead of the bulk GaN epilayer as
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the light absorber and thus the high-porosity nanoporous GaN has
significantly enhanced the light harvesting efficiency, resulting in
the ultrahigh detectivity of 1 x 10" Jones [29].

In this work, we reported and fabricated a new type of UV PDs by
integrating the GaN NPs absorber with the graphene carrier trans-
port channel. The morphology, chemical component, and optical
properties of the GaN NPs were firstly investigated and discussed.
After that, monolayer graphene was transferred onto the GaN NPs
for the fabrication of UV PDs, which possessed the high crystalline
quality and uniform coverage. The corresponding responsivity of the
UV PDs was almost two orders of magnitude higher than that of
based on the GaN epilayer/graphene, reaching up to 200.69 A/W at
the bias voltage of 5 V. The carrier transport model and working
mechanism of this GaN NPs/graphene-based UV PDs were confirmed
by Kelvin probe force microscope (KFPM). The KPFM results proves
that the trap states in GaN NPs extended the lifetime of photo-
generated carriers transported into graphene, which induced the
persistent photoconduction effect and thus the high response.

2. Experimental section
2.1. Growth of the AIN template and GaN NPs

The schematic diagram of the growth process for the GaN NPs was
shown in Fig. 1a-e. Trimethylaluminum (TMAI; Nata Co. Ltd, China),
trimethylgallium (TMGa; Nata Co. Ltd, China), and NH;3 (Linde Co. Ltd,
China) were supplied as sources of Al, Ga, and N, respectively. The
purity of all the above used materials was 99.9999%. Initially, the AIN
template was grown on a 2-inch sapphire substrate by the “two-step”
growth method in the high-temperature metal organic chemical vapor
deposition (HT-MOCVD) system, as shown in Fig. 1b. The growth pro-
cess of the AIN template was shown in Fig. 1f and the related growth
details could be found elsewhere [30]. The growth process for the GaN
NPs was also summarized, as shown in Fig. 1g. After the AIN template
growth, the chamber was cleaned by venting process to eliminate the
Al source. With the H, atmosphere, TMGa was firstly injected for 12 s
with a flux of 10 sccm when the temperature reached up to 600 °C to
form the Ga droplets on the AIN template, as shown in Fig. 1c. After
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Fig. 1. (a)-(e) Schematic diagram of the growth process for AIN template on sapphire substrates and subsequent GaN NPs on the AIN template by the Ga droplets epitaxy method.

(f) Detailed growth steps for AIN template and (g) GaN NPs.
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that, a flux of 2000 sccm NHs; was injected for 12 s and TMGa was
simultaneously interrupted. Here, enough time was given for the suf-
ficient reaction of the Ga droplet and NHs, as shown in Fig. 1d. Finally,
the formed GaN NPs was in situ annealed at 750 °C for 30 s to improve
its crystalline quality, as shown in Fig. 1e.

2.2. Fabrication of UV photodetectors

Monolayer graphene was grown on catalytic Copper foils by the
low-pressure chemical vapor deposition (LP-CVD) method, and the
graphene was subsequently transferred onto the GaN NPs by a wet
transfer strategy. The detailed process could be found in our pre-
vious work [31]. The GaN NPs absorber was fully covered by the
transferred graphene film, which severed as the transport channel
for photo-generated carriers. A pair of patterned Au electrodes with
a thickness of 30 nm was deposited on the top of graphene by
electron beam evaporation, which severed as the carrier collection
pad and also defined the photo-sensitive area of the UV PDs by its
length and distance. Here, the photo-sensitive area of the UV PDs
was designed as 300 x 300 pm?. As the comparison, the UV PDs were
also fabricated on the GaN epilayer with the same device structure.
There was no post-annealing process applied to the Au electrodes,
which ensured the pristine quality of as-transferred graphene film.

2.3. Characterization and measurement

The morphology of the GaN NPs was measured by scanning elec-
tron microscope (SEM; S4800, Hitachi) and atomic force microscope
(AFM; MultiMode 8, Bruker). The x-ray photoelectron spectroscopy
(XPS; VG ESCALAB MKII, Thermo Scientific) and energy dispersive
spectroscopy (EDS; S4800, Hitachi) were applied to obtaining the
chemical components of the GaN NPs. The optical properties of
the GaN NPs were measured by the temperature-dependent photo-
luminescence (PL) spectroscopy with a 266 nm laser as the excitation
source. Raman spectroscopy (LabRAM HR Evolution, Horiba) with a
532 nm laser was used to evaluating the crystalline quality of the as-
transferred graphene on the GaN NPs. Kelvin probe force microscope
(KPFM; MultiMode 8, Bruker) was applied to measure the surface
potential. The photocurrent and response time of the UV PDs were
collected by a 2400 Source Meter (KEITHLEY) and a digital oscilloscope
(DS6104, Rigol), respectively. A 266 nm laser (MPL-F-266-20 mW, CNI
Laser) with the power density varied from 0.64 to 6.37 mW/mm? was
severed as the irradiation source.

3. Results and discussion

The cross-sectional image of the as-grown GaN NPs was mea-
sured by SEM, as shown in Fig. 2a. The interfaces between the sap-
phire substrate and AIN template, as well as the AIN template and
GaN NPs could be observed. The AIN template owned a thickness of
~1pum. The GaN NPs with the lateral size lower than 100 nm were
randomly distributed on the top of the AIN template. As shown in
Fig. S1, the top-view SEM image further proved the random dis-
tribution of the GaN NPs and the diameter size was mainly located at
the range of 50-115 nm. Due to the limited view field of the GaN NPs
in the cross-sectional SEM image, the estimated size had a slight
difference compared to that of the top-view SEM image. The two-
dimensional and three-dimensional AFM images of the GaN NPs
were shown in Fig. 2b and c, both of which the GaN NPs covered on
the surface of the underneath AIN template, showing the distribu-
tion density of 5x10°/cm?. The statistical parameters of diameter
and height of GaN NPs from the three-dimensional AFM images
were exhibited in Fig. 2d and e, respectively. The mean diameter of
the GaN NPs was calculated to be 87.2 nm with a standard deviation
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of 15.5nm and the mean height was 18.4 nm with a standard de-
viation of 5.4 nm.

The difference in the size of the GaN NPs might be induced
during the nitridation of Ga droplets and the later post-annealing of
the GaN NPs. As shown in Fig. S2a-b, the enlarged AFM image has
exhibited the unsegregated GaN NPs composed of several smaller
parts. This phenomenon was consistent with the previously reported
works that GaN crystal was primarily formed at the periphery of Ga
droplets during NHj; irradiation and then the high migration of Ga
atoms would result in several small GaN crystals in the large Ga
droplet [32,33]. The corresponding formation process of the un-
segregated GaN NPs was schematically illustrated in Fig. S2d-f.
Moreover, one should also consider that the annealing process at a
high temperature of 750 °C would trigger the decomposition of un-
stable GaN into Ga and N atoms. Then, the separated Ga atoms with
enhanced migration either attached to the periphery of GaN NPs to
form larger sizes or evaporated out to reduce the sizes. In this way,
the average size and distribution uniformity of the as-grown GaN
NPs could be controlled by the parameters of NHs flow, reaction
pressure, post-annealing temperature, and time in the HT-MOCVD
system, which might be presented in our future works.

The chemical components of the GaN NPs were examined by XPS.
Fig. 3a showed the full XPS spectra ranged from 0 to 1200eV and
both the Ga 3d and Ga 2p peaks were observed. In order to char-
acterize the chemical bonding of the GaN NPs, the Ga 3d core level in
XPS spectra was fitted into four sub-peaks, as shown in Fig. 3b. The
corresponding portions were N 2s, Ga metal, Ga-N, and Ga-0, which
located at the binding energy of 16.7 eV [34], 18.2eV [35], 19.9eV
[36], and 20.5 eV [37,38], respectively. The large proportion (88%) of
Ga-N bonding in N 2s indicated that the as-grown NPs on the AIN
template mainly belonged to the GaN crystal. The Ga metal might be
left by the partial reaction of Ga droplets. Therefore, Ga metal would
be further oxidized in the atmosphere and forming the Ga-O
bonding [32]. As shown in Fig. S3, the EDS spectra of the GaN NPs
showed the N and Ga element-related peaks, which further con-
firmed the formation of GaN crystals in the NPs.

The temperature-dependent (20-300K) PL spectra of the GaN
NPs were shown in Fig. 3c. As the temperature increased from 20 K
to 300K, the PL intensity quenched quickly (disappear at 300 K) due
to the temperature-induced non-radiative recombination in the GaN
NPs [39]. Since the surface-to-volume ratio of the GaN NPs was
larger than that of the GaN epilayer, there were much more surface
trap states in GaN NPs, and thus the photo-generated carriers could
be quickly driven to its surface trap states at the high temperature of
300K without any PL emission. However, this process was sup-
pressed at the lower temperature and the radiative recombination
was in the domination, leading to the gradually enhanced PL in-
tensity. The PL peak position of the GaN NPs was located at 3.505 eV
with the temperature of 20K, and a total red shift of 58 meV was
observed in the range of 20-250 K. It is noted that the large shift of
PL position mainly occurred at the temperatures above 80K
(48 meV). As the comparison, the GaN epilayer reported in previous
works has exhibited the larger bandgap variation of 67-80 meV
[40,41]. Here, different from the GaN epilayer with polar lattice in-
duced by longitudinal optical (LO) phonon coupling, the reduced
exciton Bohr radius of the GaN NPs made the less exciton polar and
further increased the exciton binding energy [40]. This might de-
monstrate the reduction of bandgap shift for the GaN NPs with the
increased temperature.

As shown in Fig. 4a, the CVD-grown graphene was transferred
onto the GaN NPs as the carrier transport channel. The typical SEM
image in Fig. 4b exhibited the boundary of the as-transferred gra-
phene (marked by a yellow dash line), and the GaN NPs were uni-
formly covered by graphene film. No broken area of graphene was
observed in the present view field, which indicated that the
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Fig. 2. (a) Cross-sectional SEM image of the GaN NPs on the underneath AIN template/sapphire substrates. (b) The two-dimensional and (c) three-dimensional AFM images of GaN
NPs. The three-dimensional image was extracted from the white dash line marked area in (b). (d) Diameter and (e) height distribution for the as-grown GaN NPs.

graphene still maintained its excellent integrity after the transfer
process. As shown in Fig. 4c, the SEM image with a larger scan area
has exhibited several random wrinkles in the graphene film, which
might be caused by the thermal expansion difference between the
graphene and underneath substrate [42]. The crystalline quality of
graphene on the GaN NPs was further evaluated by Raman spectra,
as shown in Fig. 4d. The typical D, G and 2D bands of graphene were
observed. The weak intensity of the defect-related D band and the
intensity ratio of 2D to G band (>2) have indicated the high crys-
talline quality as well as the monolayer nature of this graphene film
on the GaN NPs [43,44].

The schematic device structure and optical microscope image
of the UV PDs based on the GaN NPs and graphene were shown in
Fig. 5a and b, respectively. A pair of symmetric Au electrode was
deposited on graphene as the carrier collection pads. The dark
current (Iqa) of the UV PDs was measured in Fig. S4, which

showed that the I4, reached up to 68.5 mA at the bias voltage of
5V. This was accessible since the Au electrode was deposited on
the graphene film with high carrier mobility and electric con-
ductivity. The photocurrent (Ip,) of the PDs was defined as the
difference between the current at the illuminated (Ijign:) and dark
(Iqark) conditions:
Iph = light = ldark (1

As shown in Fig. 5¢, the photocurrent of UV PDs by integrating
the GaN NPs and graphene linearly decreased with the elevated bias
voltage from -4-5V, indicating the excellent ohmic contact between
the Au electrode and graphene. Besides, the net photocurrent of UV
PDs at the bias voltage of 5V has elevated with the increase of in-
cident 266 nm laser powers ranged from 0.64 to 6.37 mW/mm?. The
responsivity of the PDs was defined as [45,46]:
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Ipn
Px A (2)

where P is the power density of the incident laser and A is the photo-
sensitive area of the PDs. The responsivity of the UV PDs as a func-
tion of incident powers was calculated in Fig. 5d, exhibiting that the
R decreased with the increase of incident power. The highest re-
sponsivity of 200.69 A/W was achieved for the GaN NPs/graphene
UV PDs at the bias voltage of 5V with the incident laser power
density of 0.64 mW/mm?. The photosensitivity (S) and quantum
efficiency (n) of the UV PDs could be further estimated from the
following equations [47,48]:

S:Mxloo%

Idark (3)
hxc
= R
T=exi” (4)

where h is Planck’s constant, c is the velocity of light, e is the elec-
tron charge, ) is the wavelength of the laser. At the bias voltage of
5V, the maximum photosensitivity and quantum efficiency of the
UV PDs were 52.9% and 0.94x 103, respectively. According to the
response spectra in Fig. 5e, the UV PDs based on GaN NPs and gra-
phene exhibited obvious response when the incident light wave-
length below 350 nm, proving the excellent wavelength selectivity in
the UV range. The response time of the GaN NPs/graphene UV PDs

was shown in Fig. 5f, showing that the rise time and fall time was
186 and 122 ms. Here, the rising range of the signal intensity was
related to the light off state. The longer rise time was mainly at-
tributed to the longer carrier lifetime induced by the trap states in
the GaN NPs, which have made the photo-generated carriers cir-
cuiting in the graphene channel for a longer time even after the
light off.

As shown in Fig. S5, the UV PDs with a similar structure was also
fabricated on GaN epilayer for comparison, which showed the re-
sponsivity and response time of 2.35A/W and 16.6/7.6 ms,
respectively. Compared with the UV PDs based on the conventional
GaN epilayer and graphene, the devices with the GaN NPs absorber
have the responsivity about two orders of magnitude as well as a
relatively longer response time. This has proved that a stronger
photoconduction effect might exist in the GaN NPs and
graphene system, which was induced by the trap states at the
low-dimensional GaN NPs or the interface of GaN NPs/graphene. In
this assumption, the photo-generated carriers would be trapped in
the GaN NPs, and thus extending their lifetime. Then, the opposite
photo-generated carriers drifted into graphene could circulate
through the external circuit by the bias voltage for many times,
inducing the high responsivity [49]. The performance of the GaN
NPs/graphene UV PDs was also compared with previously reported
works in Table 1, indicating that the device in this work has
exhibited excellent properties, particularly for the responsivity
[11,18,25,26,50-53].
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Beyond the higher gain and longer response time of the GaN
NPs/graphene UV PDs, the negative photocurrent and decreased
responsivity as the function of the incident powers has been ob-
served in Fig. 5c and d, respectively. In order to figure out the
working mechanism of these UV PDs, KPFM was primarily applied to
measure the surface potential of separated graphene and graphene
contacted with the GaN NPs, which aimed to identify the interfacial
potential difference between the GaN NPs and graphene [54], as
shown in Fig. 6a and b. Here, a thin layer of Au film was deposited on
graphene as the reference base of the surface potential. Assuming
that the work function (WFg) of Au is 5.1 eV, the corresponding W for
separated graphene and graphene contacted with GaN NPs could be
calculated to 5.01 and 5.21eV according to the surface potential
difference [55,56]. In this situation, the Wg of the separated gra-
phene was below the Dirac point with p-type dopant due to the
polymer residue or oxygen/water absorption on graphene. Once the
graphene contacted with the GaN NPs, holes in the GaN NPs were
extracted and drifted into graphene due to the strong interfacial
polarization effect induced by the energy level mismatch between
the GaN NPs and graphene. In this way, the Eg of graphene contacted
with GaN NPs has down-shifted 0.2 eV because of its increased hole
density compared to the separated graphene. According to the holes
transfer, a built-in electric field was simultaneously formed at the
interface of graphene and GaN NPs, which pointed from the gra-
phene to GaN NPs.

Based on the formation of built-in electric field identified by
KPFM, the band diagram of graphene contacted with the GaN NPs
was illustrated in Fig. 6¢c. The thin graphene film possessed high
transparency at the UV range, and thus the irradiated UV light would
penetrate from the graphene to GaN NPs. As the GaN NPs absorbing

the photon energy of irradiated light larger than its bandgap, elec-
tron-hole pairs would be generated. With the assistance of the built-
in electric field at the interface of the graphene and GaN NPs, the
photo-generated electrons would drift into graphene and remain
opposite holes in the GaN NPs. In the front part, we have demon-
strated the graphene is in p-type dopant. Therefore, the re-
combination between the intrinsic holes and photo-generated
electrons drifted in graphene could result in attenuation of holes
conduction, which further decreased the measured current through
graphene driven by the bias voltage, which was the origin of the
negative photocurrent phenomenon in the GaN NPs/graphene UV
PDs. Besides, the electron drifted into graphene resulted in the Er of
graphene up-shifting to the Dirac point, further lowering the built-in
electric field at the interface of graphene and GaN NPs [50]. There-
fore, the stronger incident laser powers induced photo-generated
carriers would gradually weaken the built-in electric field as well as
the drifted efficiency of photo-generated electron into graphene, il-
lustrating the decreased responsivity as the function incident
powers.

The corresponding carrier transport model of the GaN NPs/gra-
phene UV PDs was established in Fig. 6d. The trap states have made
holes in the GaN NPs a longer carrier lifetime, and it was also sui-
table for opposite electron drifted into graphene. At the same time,
the graphene possessed high carrier mobility, which made the
photo-generated electron in graphene transporting very fast with
the applied bias voltage, further inducing the persistent photo-
conduction effect in the GaN NPs/graphene UV PDs. The dynamic
carrier transfer process in the UV PDs was confirmed by the UV
light-assisted KPFM, as shown in Fig. S6. The KPFM scan region was
divided into three states: original dark condition, UV light irradiation
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Fig. 5. (a) Schematic device structure and (b) optical image of the UV PDs based on the GaN NPs and graphene. (c) Photocurrent as a function of bias voltage under different
incident power. (d) Responsivity as a function of incident power at bias voltage of 5 V. (e) Response spectra at the wavelength of 250-650 nm and (f) response time of the UV PDs.

Table 1

Comparison of the device performance for the GaN NPs/grephene-based UV PDs and the related devices in previous works.
GaN type Graphene type Bias Dark Responsiv- Photosen- Quantum Response Light source Ref.

voltage (V) current (A) ity (A/W) sitivity (%) efficiency time (ms)

Gay03/GaN nanowire CVD-grown -5 5.42x1078 753.2 - 225 80/160 364 nm LED [11]
InGaN dot CVD-grown 1 - 1.6x10° - - 200/10° 450 nm [18]
GaN epilayer CVD-grown -10 29x1074 5.83 - 22 2.7/4.6 325nm Laser [25]
GaN epilayer CVD-grown 10 >1x107 0.361 - 1.38 5.05/5.11 325nm Laser [26]
GaN epilayer -GO 0 6.2x107° 1.54x1073 85 - 60/267 350 nm Lamp [50]
GaN nanowire CVD-grown 1 43x107° 25 - - — 357 nm LED [51]
AlGaN nanowire CVD-grown -2 54x1078 1.76x107% — - 4000/4700 347 nm [52]
GaN epilayer Growth from PMMA 10 - 4 . . 7.2/18.2 266 nm Laser [53]
GaN NP CVD-grown 5 6.85x1072 200.69 529 0.94%10° 122/186 266 nm Laser This work

condition, and UV light removal condition. The surface potential of
graphene on the GaN NPs increased after the UV light irradiation,
implying the up-shift of Er for graphene as well as the reduction of
hole density by recombination with the drifted electrons. This was
consistent with the fact that photo-generated electron of the GaN

NPs drifted into graphene under the built-in electric field. Moreover,
the remained high surface potential of graphene after the UV light
removal condition has demonstrated the persistent photoconduc-
tion effect in graphene. As a result, the fast circulation of carriers in
graphene driven by the bias voltage would induce the high
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Fig. 6. (a) Surface potential of separated graphene and (b) graphene contacted with the GaN NPs. (c) Band diagram and carrier transfer between the GaN NPs and graphene with
the irradiation of UV light. (d) The schematic diagram of the carrier transport model for the UV PDs with GaN NPs and graphene.

responsivity. It should be noted that the persistent photoconduction
effect in the GaN NPs/graphene UV PDs also resulted in the increased
response time, which might be solved by adding gate electrodes to
adjust the built-in electric field at the interface of the GaN NPs and
graphene.

4. Conclusions

In conclusion, we have grown the GaN NPs on the AIN template
by the Ga droplets epitaxy method in HT-MOCVD system. The ex-
cellent properties of the GaN NPs were evaluated by the SEM, AFM,
XPS, EDS, and temperature-dependent PL spectra. The high-response
UV PDs were demonstrated by integrating the GaN NPs absorber
with graphene carrier transport channel, and the high responsivity
of 200.69 A/W has been achieved at the bias voltage of 5V. This
value was almost two orders of magnitude higher than that of based
on the generally used GaN epilayer. The carrier transport model and
work mechanism of the device were verified by the KPFM mea-
surement, proving that the trap states in GaN NPs induced the longer
lifetime of the photo-generated carriers as well as the persistent
photoconduction effect in the graphene layer. The present work
could be extended into the PDs with detected wavelength covered
from deep UV to visible ranges by incorporating Al and In atoms in
present GaN NPs, such as AlGaN and InGaN NPs, which were sup-
posed to be the next generation lll-nitrides-based PDs with high
sensitivity.
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