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ABSTRACT

In this paper, we demonstrate an ultraviolet photodetector (UV-PD) that uses coalesced gallium nitride (GaN) nanorods (NRs) on a
graphene/Si (111) substrate grown by plasma-assisted molecular beam epitaxy. We report a highly sensitive, self-powered, and hybrid GaN
NR/graphene/Si (111) PD with a relatively large 100mm2 active area, a high responsivity of 17.4 A/W, a high specific detectivity of
1.23� 1013 Jones, and fast response speeds of 13.2/13.7 ls (20 kHz) under a UV light of 355 nm at zero bias voltage. The results show that
the thin graphene acts as a perfect interface for GaN NRs, encouraging growth with minimum defects on the Si substrate. Our results suggest
that the GaN NR/graphene/Si (111) heterojunction has a range of interesting properties that make it well-suited for a variety of photodetec-
tion applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0018076

Nitride-based compound semiconductors are promising materi-
als with a wide range of potential optoelectronic applications, as their
wide tunable direct bandgap allows for the fabrication of high-
performance emission and sensing devices in the ultra-violet, visible,
and infrared spectral range.1,2 Gallium nitride (GaN), with a bandgap
of 3.4 eV, is widely understood to be a potentially useful addition to
high-power and high-temperature semiconductor devices, specifically
those employing ultraviolet (UV) detection.3–6 Unfortunately, high
defect density, short carrier lifetime, and low carrier mobility inherent
to traditional GaN-based photodetectors (PDs) lead to low photocar-
rier collection. GaN nanorods (NRs), due to their high photoconduc-
tion and better sensitivity toward light, can overcome the issues
associated with three-dimensional (3D) planar GaN layers and, in
recent decades, have become attractive potential components in a wide
range of optoelectronic devices, including as electrical pump lasers,

PDs, and solar cells.7 PDs with one-dimensional (1D) NRs have
demonstrated excellent performance, manifesting high responsivity
and detectivity,8–10 as a result of various inherent properties: large sur-
face-to-volume ratios, light scattering (between the NRs), and reduced
cross section to the quantum confinement size regime.11 In these PDs,
electrons are generally confined to the core, as opposed to the surface,
due to the high potential barrier at the NRs’ surface. Cross-section
reduction from a large (3D) to small (1D) structure significantly
reduces the scattering in 1D structures, thereby effectively increasing
overall electron mobility and minimizing charge transit time.12

Photocarrier lifetime is also prolonged as a result of the presence of
surface trap states in the NRs.13 Group-III nitride NRs have been
widely grown on bulk crystalline substrates such as silicon14,15 and
sapphire,16,17 resulting in NRs with a high-quality epitaxial relation-
ship with their substrate.
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Despite these advantages, deficiencies in the bulk substrates (low
electrical or thermal conductivities, opacity, weight, and rigidity) are
responsible for ultimately disappointing device performance.
Accordingly, there has been an extensive search for replacement sub-
strates that will not impair the quality of NRs.18 One method that has
shown promise is to grow or transfer two-dimensional (2D) atomic
layer materials to a carrier substrate as a seed layer for NR growth, a
process referred to as heteroepitaxy. This allows for a more compre-
hensive range of materials and a potentially better fit between host car-
rier characteristics and the device requirements. There is also a unique
feature of graphene that it forms a Schottky junction with the nano-
structures of other semiconducting materials, including Si, GaN, and
MoS2, which makes it a favorable candidate for achieving outstanding
device performance.19 Accordingly, 2D graphene has been proposed
as a substrate to grow III�V semiconductor NRs.20 Its remarkable
characteristics, including its high carrier mobility,21 broad spectral
absorption wavelength, and fast carrier transport, have attracted
numerous researchers interested in building hybrid devices.22–24 Prior
researchers have used graphene as a transparent contact with GaN
NRs due to its high conductivity and low optical absorbance (approxi-
mately 2.3%) for light in a wavelength range of 300nm to the near-
infrared,25 and produced around 25A/W responsivity as a result.26

Others have compared photocurrent production and responsivity in
GaN PDs with and without graphene, determining that a GaN PD
with graphene produces 35� more photocurrent and higher respon-
sivity than it does without graphene.27

In our device, graphene acts as an efficient carrier transport chan-
nel between GaN NRs and Si (111), significantly increasing the charge
collection efficiency. Graphene also allows GaN NRs to grow on the Si
substrate without any growth constraints, such as lattice mismatch or
growth defects. The growth of GaN NRs on a graphene/foreign sub-
strate is linked to the fabrication method used. Growing on heteroge-
neous substrates through plasma-assisted molecular beam epitaxy
(PA-MBE), GaN NRs follow a self-assembled growth mechanism that
has the inhomogeneity of the NR morphology.28 Additionally, a low
filling factor of NRs can cause infiltration during the device fabrication
process during the contact metal deposition step.

Accordingly, the addition of a planarization step that uses polyi-
mide29 or parylene30 is essential to achieving robust NR-based devices.
This step, which involves polymer deposition, curing, and surface
etching, results in an unfortunate increase in fabrication cost and time.
It may also result in deteriorated device performance, as there are only
a limited number of UV-transparent and high-temperature tolerant
polymer materials suitable for heat dissipation. To overcome these
obstacles, we intentionally induced coalesced GaN NRs along the c-
plane orientation with a fill factor of greater than 95%,31 and directly
deposited contact metal on GaN NRs for a large active area of 1 cm2

without any planarization step.
In this paper, we report the fabrication of a large area coalesced

GaN NR/graphene/Si (111) PD of 100mm2. The use of Si as a carrier
substrate also provides a double Schottky junction to GaN NR/
graphene, as it adds a photon absorption layer, leading to a highly
sensitive UV PD with high speed and responsivity. We report a self-
powered UV PD, which is highly sensitive to the UV light of 355 nm.
At a 48lW/cm2 power light intensity, it has a high responsivity of
17.4A/W, a specific detectivity of 1.23� 1013 Jones, a current on/off
ratio of nearly 105, and a fast response speed of �13 ls at zero bias

voltage. The fabricated GaN NR/graphene/Si (111) UV PD is an asym-
metrical metal-semiconductor-metal (MSM) PD, which consists of
two different Schottky junctions Au/GaN NRs and the Au/Si (111)
substrate. The thin graphene acts as an interface for GaN NRs to grow
on a Si substrate with minimum defects. The dark current clearly
shows that the graphene has no bandgap as it acts as the carrier trans-
port channel, which allows electron and hole transfer between the
GaN NRs and the Si substrate. Our results show outstanding overall
performance compared to previously reported GaN-based PDs, and
this high-functioning GaN NR/graphene/Si (111) PD shows promise
for future applications.

For sample growth, graphene was deposited on Cu-foil using
atmospheric chemical vapor deposition (APCVD). To deposit gra-
phene, the quartz tube was heated to a temperature of approximately
1000 �C under a H2/Ar atmosphere. Graphene was grown with 20
sccm of CH4 for 10min, quenched to room temperature, and then
unloaded from the quartz tube. The graphene layer was then trans-
ferred onto an n-type Si (111) substrate. For this step, the graphene/
Cu-foil surface was coated with polymethyl methacrylate (PMMA).
The PMMA/graphene was separated from the Cu-foil using a metal
etchant solution. The floating and separated PMMA/graphene was
then transferred by a fishing method with the Si (111) substrate. While
this fishing method is known to leave grain boundaries and defects,32

nanometer-scale NRs are less affected by this due to their small surface
area relative to that of the grains.18 Next, the graphene/Si (111) sub-
strate was loaded into PA-MBE. Prior to its transfer to the growth
chamber, the substrate was baked at 300 �C for 2 h in a preparation
chamber to remove dust and moisture. Once in the growth chamber,
any native oxide on the substrate surface was removed by thermal and
Ga-triggered cleaning.33 For the thermal cleaning, the substrate was
heated up to 950 �C for an hour and then cooled to 675 �C. Once the
temperature reached 675 �C, the substrate surface was exposed to Ga
molecular beam flux for 5 s. The temperature was then raised again to
950 �C for 2min to completely desorb the Ga atoms and oxides.
Finally, the substrate was cooled down to 775 �C to grow GaN NRs.
Sample growth was initiated by simultaneously exposing the substrate
surface to both atomic nitrogen and Ga molecular beam flux to pre-
serve graphene on the Si (111) substrate.34 The atomic nitrogen supply
corresponded to a flow rate of 1.8 sccm and a RF power of 400W.
Prior to growth, initial bursting and the direct supply of atomic nitro-
gen plasma were prevented by a shutter sitting between the nitrogen
plasma cell and substrate. The GaN NRs were grown on a graphene/Si
(111) substrate for 60min as soon as the Ga shutter was opened.33 The
presence of graphene between GaN NRs and the Si (111) substrate
was confirmed by both a photoluminescence (PL) map at room tem-
perature (Fig. S1) and a cross-sectional transmission electron micros-
copy (XTEM) (Fig. S2). We note that the enhanced PL characteristics
of the GaN NRs grown on the graphene deposited area are a result of
the modified interfacial strain and NR nucleation.18

The beam equivalent pressure (BEP) of the Ga molecular beam
flux was around 6� 10�7Torr and the chamber pressure was kept at
1.2� 10�5Torr during the process. Figures 1(a) and 1(b) show the
350 nm-long undoped GaN NRs on graphene and exhibit their coa-
lesced columnar shape with high spatial density. Each of the GaN NRs
is undoped, however, showing slightly n-type conductivity, since GaN
is not free from background impurities.34 Next, the coalesced GaN
NRs on a graphene film were further fabricated into a PD. The back
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and top Au (80 nm) electrodes were deposited by electron beam evap-
oration to form contact pads without the planarization step. A sche-
matic illustration of our GaN NR/graphene/Si (111) heterojunction
device is presented in Fig. 1(c).

Prior to the analysis of the device’s performance, the crystalline
quality of coalesced GaN NRs was investigated. To ensure the
crystalline quality of coalesced GaN NRs on graphene, a 10K low-
temperature PL (LT-PL) measurement was performed [results shown
in Fig. 2(a)]. The sample was probed with a 266nm ND-YAG laser
having a spot diameter of approximately 10lm. During the measure-
ment, excitation power was varied within the range of 0.03–7.5 mW.
Within that spectrum, there was an apparent donor-bound excitonic
emission (DoX), which indicates good crystalline quality. Also, there
was a yellow luminescence peak regardless of excitation power. We are
aware that well-separated self-assembled NRs have no yellow lumines-
cence peak around 2.2 eV.35,36 However, we intentionally induced
coalesced GaN NRs for ease of fabrication. These DoX and yellow
luminescence peaks are strong evidence of well-coalesced GaN NRs
on the graphene/Si (111) substrate that do not suffer from degraded
crystalline quality.

All electrical and optical properties of the PD were measured at
room temperature. The optoelectronic performance of the PD was
tested by a Keithley 2410. A 355nm UV-LED was applied as the illu-
mination source and calibrated by a THORLABS optical power meter,
as shown in Fig. 2(c). The transient response was characterized by a
Yokogawa DLM2054 oscilloscope and a Stanford Research synthe-
sized function generator (Model DS345). Figure 2(b) depicts the

current-voltage (I-V) curve of the GaN NR/graphene/Si (111) hetero-
junction in a dark condition and under the illumination of a 355nm
UV LED within 61V. The photoresponse of the heterojunction was
also measured by illuminating the device with the 355nm UV light
with a 100% intensity of 0.78 mW/cm2. The net photocurrent Iphoto of
illumination can be obtained by subtracting dark current from the
total current. When the device was illuminated, the current at 0.5V
increased from 8.57� 10�9 A (dark condition) to 3.0� 10�4 A under
UV light, producing an impressively elevated current on/off ratio
(Ilight/Idark) of �105, which was initiated by the GaN NRs photocon-
ductive response.37 This current on/off ratio was a function of the
superior quality of the coalesced GaN NRs. We also obtained an open
circuit potential (Voc) and short circuit current (Isc) of 0.06V and
0.035mA, as shown in Fig. 2(d). Our GaN NR/graphene/Si (111) het-
erojunction device, therefore, can serve as a self-powered UV PD.

Since GaN has a higher absorption coefficient of about
�105 cm�1 in the UV range (specifically 325nm),38 this current incre-
ment is expected to be mainly initiated by the high photoconductive
response of GaN NRs. To further study the interface of the GaN NR/
graphene and graphene/Si (111) substrates, transmission electron
microscopy (TEM) and PL mapping across the whole wafer were
obtained after the PA-MBE growth. Figure S1 shows two PL maps of
intensity and full-width at half-maximum (FWHM) of the sample.
These PL maps illustrate that Si (100) substrate-grown GaN NRs pro-
duced with and without graphene differ from each other. The TEM
image (Fig. S2) also shows the thin graphene layer between the GaN
NRs and the Si substrate. To our surprise, we found a thin layer of
SiO2 between the graphene and Si substrate. We speculate that the
thin layer of SiO2 is formed on a Si substrate during the graphene
transfer process and it was preserved across the entire MBE growth
step.

To further study the photo-excitation of the heterojunction, the
GaN NR/graphene/Si (111) substrate was illuminated with different
light intensities, ranging from 46lW/cm2 to 0.78 mW/cm2 [Fig. 3(a)].
Figure 3(a) illustrates that the current and light intensity are highly
dependent on each other. Figure 3(b) presents the photoresponse of
GaN NR/graphene/Si (111) PD when illuminated with different light
intensities at zero bias voltage. The result shows that, at 100Hz fre-
quency, the current alternately switched between high and low con-
ductance with good constancy and repeatability as the UV light was
turned on and off. Notably, the current increased a small amount even
when irradiated with higher light intensity. Considering that the result
is at a high frequency of 100Hz, we conclude that our GaN NR/
graphene/Si (111) PD can detect a very weak UV light, leading to a
self-powered UV PD. The responsivity (R) and specific detectivity (D�)
of our coalesced GaN NR/graphene/Si (111) PD device at various light
intensities are plotted in Fig. 3(c), based on the following equations:

R ¼ IP
Popt

; (1)

D� ¼
ffiffiffiffi

A
p

R
ffiffiffiffiffiffiffiffi

2eId
p ; (2)

where Ip is the net photocurrent obtained (subtracting dark current from
the total current), Popt is the incident light intensity, A is the device area,
and Id is the PD’s dark current. At a 48lW/cm2 light intensity, R is
17.4A/W and D� is 1.23� 1013 Jones (1 Jones ¼ 1 cm Hz1/2/W),

FIG. 1. SEM images for the (a) cross-sectional and (b) surface-view of GaN NRs
grown on the graphene/Si (111) substrate. The GaN NRs show a coalesced colum-
nar shape with a high spatial density. (c) Schematic illustration of a GaN NR/gra-
phene/Si (111) heterojunction device.
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which are much higher than the R and D� of other PDs (see
Table I). These figures also illustrate that R and D� are both
inversely proportional to the light intensity. The light intensity
dependence of the photocurrent is plotted in Fig. 3(d) and can be
described by the following power law equation:

I ¼ APa; (3)

where A, P, and a are constant for a given wavelength, light intensity,
and photocurrent response to the light intensity. By fitting the data, a
was determined to be 0.13. The carrier trap states between the conduc-
tion band edge and Fermi level are believed to affect this fractional
power equation.

A circuit connecting the GaN NR/graphene/Si (111) PD, func-
tion generator, and oscilloscope was tested to further explore the PD’s
response speed. A function generator modulated the frequency of the
UV light, while the oscilloscope measured and displayed the photocur-
rent as a function of time. The photoresponse characteristics of the

GaN NR/graphene/Si (111) PD were measured in the frequency range
of 1Hz–20 kHz by illumination with 355nm UV light at an intensity
of 0.78 mW/cm2 at 0V bias voltage. The result, which is presented in
Figs. 4(a) and 4(b), confirms the PD’s responsiveness even at a high
speed of 20 kHz, indicating that it is capable of detecting a high-speed
UV light signal. Two essential characterizations of the response speed
are the rise time (sr) and fall time (sf). As shown in Fig. 4(a), at 1Hz
frequency, both the rise time (sr) and the fall time (sf) were 1ns (limited
by the oscilloscope resolution). A fast response speed of 13.2/13.7ls was
also obtained at 20kHz [Fig. 4(b)], implying that the PD can follow
quickly varied UV light signals.

The photoelectric effect of the GaN NR/graphene/Si (111) heter-
ojunction can be understood from the energy-band diagrams at the
interface. Figures 4(c) and 4(d) demonstrate the energy band diagram
when the device is in dark conditions and when it is irradiated with
UV light. For the Fermi energy of graphene and Si to reach equilib-
rium, the electrons must lower their energy by flowing to the gra-
phene, positively charging the region near the junction. This results in

FIG. 2. (a) 10 K LT-PL spectra of the GaN NRs. The presence of DoX indicates high crystalline quality, and the presence of carbon shows the yellow luminescence of GaN
NRs. (b) The I–V curves of GaN NR/graphene/Si (111) heterojunction devices under dark conditions and under light illumination (355 nm) within6 1 V bias voltage (the inset
is the magnification of the dark current). (c) Response spectra of the 355 nm UV LED. (d) Photovoltaic effect of the GaN/graphene heterojunction device.
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an upward energy band bending from the Si to the graphene/Si (111)
interface and triggers a built-in electric field around the junction. The
difference in the work function of GaN (4.1 eV) and graphene (4.6 eV)
also causes the energy band to bend upwards, pointing from the GaN

layer to the GaN NR/graphene interface and resulting in an electric
field generated near the surface of the GaN NRs. Thus, at this moment
(in dark conditions), electrons are gathered at the graphene layer.
When the device is illuminated by incident light with photon energy

FIG. 3. (a) The I–V characteristics of the junction illuminated by a 355 nm laser with different laser powers. 100% laser power density is 0.78 mW/cm2. (b) Photoresponse of
the GaN NR/graphene/Si (111) heterojunction PD by varying light intensities. (c) Light intensity-dependent responsivity and specific detectivity. (d) Logarithmic plot of the photo-
current vs light intensity.

TABLE I. Comparison of the performance of GaN-based UV PDs.

Device
Light source,

k (nm) Self-powered
Responsivity
(A/W) at Vbias

Detectivity
(Jones) Response time (sr/sf) References

GaN NR/graphene/Si (111)PD 355 Yes 17.4 at 1V 1.23� 1013 1ns/1 ns (1Hz),a

13.2/13.7 ls (20 kHz)
This work

GaN/Si (111) MSM PD 362 No 0.183 at 15V / / 39
un-GaN with ATO electrodes PD 325 No 0.095 at 5V / / 6
ZnO/GaN PD 350 No 0.225 at 1V 4.83� 1013 / 40
Graphene/p-GaN phototransistor 325 Yes 0.361 at 10V 1.5� 1010 5.05ms/5.11ms 27
GaN/graphene PD 360 No 2.0 / / 20
Graphene/GaN NRs with graphene
as the contact PD

357 Yes 25.0 at 1V / / 26

a1 ns was the oscilloscope’s resolution limit.
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larger than the bandgap energy of GaN (3.4 eV), the light is absorbed
by the GaN NRs, generating the electron–hole pairs. The built-in elec-
tric field at both junctions, quickly separating them, induces an effect
on the recombination of the photogenerated electron–hole. The gra-
phene sheet in the device is believed to function as a fast charge trans-
port channel between the Ga NRs and the Si (111). Electrons are
brought to the graphene and the Si more quickly than the recombina-
tion time and then collected by the electrodes to generate a large out-
put signal. This double Schottky mechanism, fast-tunneling properties
of graphene, results in higher dark current and faster switching devi-
ces. An asymmetrical metal contact consisting of two different
Schottky junctions, Au/GaN NRs and Au/Si (111) substrate, deter-
mined the positive and negative bias of the dark current.

To summarize, a high-performance self-powered UV PD of a
large-area coalesced GaN NR/graphene/Si (111) PD of 100mm2 was
investigated. Our testing revealed that the PD has spectacular photo-
response properties of 17.4A/W, a specific detectivity of 1.23� 1013

Jones, and a high current on/off ratio of nearly 105 under 355nm illu-
mination at an intensity of 48lW/cm2. The device also responds
quickly to the UV signal of �13 ls (20 kHz) at zero bias voltage. In
other words, the results of our testing reveal outstanding overall

performance compared to previously reported GaN-based PDs, and
our high-performing GaN NR/graphene/Si (111) PD has numerous
potential applications.

See the supplementary material for characterization details of the
GaN NR/graphene/Si (111) interface.
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