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Abstract: GaN has been widely used in the fabrication of ultraviolet photodetectors because of its outstanding properties. In
this paper, we report a graphene-GaN nanorod heterostructure photodetector with fast photoresponse in the UV range. GaN
nanorods were fabricated by a combination mode of dry etching and wet etching. Furthermore, a graphene-GaN nanorod het-
erostructure ultraviolet detector was fabricated and its photoelectric properties were measured. The device exhibits a fast
photoresponse in the UV range. The rising time and falling time of the transient response were 13 and 8 ms, respectively. A
high photovoltaic responsivity up to 13.9 A/W and external quantum efficiency up to 479% were realized at the UV range. The
specific detectivity D" = 1.44 x 10'° Jones was obtained at -1 V bias in ambient conditions. The spectral response was meas-
ured and the highest response was observed at the 360 nm band.
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1. Introduction

GaN has been widely used in the fabrication of ultravi-
olet photodetectors (UV PDs) because of its direct wide
bandgap of 3.4 eV and excellent thermochemical stability!'-4.,
Typical GaN PD is based on photoconductivity, p-n junction,
and Schottky barrier>-7). A metal layer of about 5 nm is com-
monly used as the transparent conductive layer in GaN PD®l,
However, this translucent metal has a low transmittance
(10% absorption per nanometer), which blocks large
amounts of light and reduces photoresponsivity. Moreover, be-
cause of low carrier mobility and short carrier lifetime, the pho-
tosensitive area of GaN photodetectors is usually limited to
about 0.1 mm?2, which is detrimental to imaging applica-
tionsl®. Graphene has excellent electrical conductivity (ex-
tremely high carrier mobility) and outstanding photopermeab-
ility from UV to infrared (2.3% per layer of absorption)0-12,
Furthermore, graphene is a kind of semi-metal that can form
a Schottky junction with GaNU'3l, So it is expected to be a sub-
stitute for metal electrodes on GaN PD devices!'4 '5.. In addi-
tion to the function of transparent conductive electrodes,
graphene can be used as an effective current transmission
channell'8l, At the graphene/GaN interface, the photo-gener-
ated carriers can be separated due to the built-in electric
field. This type of carrier can migrate into graphene to pro-
duce a photocurrent!’”), Due to the high defect density and
low conductivity, the performance of conventional GaN-
based photodetectors has been partially limited by the effi-
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ciency of photocarrier collection. GaN nanowire (NW) arrays
can provide larger average current densities of vertical
devices!'8 19, A high-quality GaN nonpolar surface can be ob-
tained without substrate lattice mismatch restriction and the
stress release problem of GaN devices can be solved(20], At
present, GaN or other nanowires are commonly grown dir-
ectly from the substrate with the down-top mode by molecu-
lar beam epitaxy (MBE) or metal-organic chemical vapor de-
position (MOCVD)[2". 221, However, this method is not only ex-
pensive but it is also difficult to control the morphology of
nanowires. Another way to overcome these drawbacks is a
top-down fabrication, using standard photolithography and
etching to compose nanowires on a homogeneous film[23 24,
Vertically aligned semiconductor nanorods (NRs) have been
demonstrated in this top-down approach. However, until
now, there have been few studies involving graphene and
GaN nanorods in photodetectors.

In this work, the top—down fabrication of GaN nanorods
was realized by dry and wet etching of GaN. Further,
graphene-GaN nanorod vertical Schottky ultraviolet detect-
ors were manufactured and measured. Excellent photoelec-
tric properties, such as light response rate and specific detec-
tion rate, have been obtained.

2. Experimental

Two kinds of GaN epitaxial layers were grown on c¢-plane
sapphire. Where 2 um GaN thin film was used to characterize
the etching rate of dry etching, optimize the wet etching pro-
cess and measure the photoluminescence spectrum. A 500
nm n~-GaN /1 um n*-GaN structure was used to fabricate a ver-
tical Schottky ultraviolet detector. The doping concentra-
tions of the n*-GaN and n—-GaN were about 5 x 10'® cm3
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Fig. 1. (Color online) (a) The process schematic diagram of the preparation of GaN nanorods. (b) The PL spectra of GaN before and after graphene

transfer. (c) The Raman spectra of graphene grown on copper foil.

and 2 x 106 cm-3, respectively.

The top-down structure of GaN nanorods was fabric-
ated by the GaN dry and wet etching process. The process dia-
gram is shown in Fig. 1(a). First, the Cr mask was patterned
by lithography and ion beam etching (IBE). Second, GaN was
etched by inductively coupled plasma (ICP) etching equip-
ment. Finally, wet etching by tetramethylammonium hydrox-
ide (TMAH) solution was used to eliminate the sidewall dam-
age induced by dry etching and form the nanorod’s array struc-
ture.

The morphology of nanorod arrays was observed by scan-
ning electron microscopy (SEM). The quality of GaN and
graphene was evaluated by photoluminescence (PL) and Ra-
man spectroscopy, respectively. Fig. 1(b) shows the PL spec-
tra of GaN before and after graphene transfer. Strong near-
band edge emission of GaN substrate indicates fewer defects.
The peak at 362 nm coincides with the bandgap of GaN
about 3.4 eV. When the graphene was transferred to the GaN
substrate, the intensity of the PL peak decreased. The attenu-
ation of PL intensity after graphene transfer happens be-
cause graphene also has an amount of light absorption in the
ultraviolet region (about 5% per layer at 360 nm)[2%, Fig. 1(c)
shows the Raman spectra of graphene grown on copper foil.
The G peak (~1586 cm~') and the 2D peak (~2685 cm~) are
two characteristic peaks of graphene in Raman spectroscopy.
Moreover, the peak at ~1350 cm-! in defected graphite is
called the D peak. The intensities of G and 2D peak are repres-
ented by I and hp, respectively. The layers of graphene are
usually determined by hp : /5126l The high ratio of hp : Ig
(~6.7) and the absence of D peaks indicate that the monolay-
er graphene has few defects.

For photodetector fabrication, the photolithography for
nanometer-level nanorods was performed by electron beam
photolithography (EBL). An ohmic contact layer (Ti/Al/Ni/Au,
30/130/50/150 nm) was fabricated on the surface of n*-GaN
and annealed at N, environment (850 °C for 30 s). Then, SiO,
isolation layer (200 nm) was formed around the n—-GaN mesa

by plasma enhanced chemical vapor deposition (PECVD) and
reactive ion etching (RIE) process. Graphene transfer, photo-
lithography, O, plasma etching, and H, annealing at 450 °C
were carried out to cover the exposed n=-GaN surface with
graphene. The cyclic Schottky electrode (Ni/Au, 50/100 nm)
was formed on the peripheral graphene.

Electrical transport measurements were implemented us-
ing the Keithley2636A dual-channel digital source meter. A
semiconductor laser of 365 nm was used to detect the light re-
sponse related to the UV wavelength.

3. Results and discussions

The final morphology of GaN nanorods was determined
by the corrosion rate of TMAH wet etching. The corrosion
rate was affected by solution concentration and temperature.
We observed the basic process of GaN nanorods formation
by SEM at different etching time. As shown in Fig. 2(a)-2(d),
the corrosion time is 3, 5, 10, and 15 min, respectively. It can
be seen that the OH- ion in TMAH reacts preferentially with
the atoms on the sidewall of the nanorod. The Ga and N
atoms dissolve into the solution to form reactants. Because
the surface atoms on the sidewalls of the nanorods have
open bonds (the dangling bonds are very dense), the side-
wall etching rate for this step will be very fast and continue un-
til it reaches the nonpolar m-plane (1700). After the formation
of the m-plane, the TMAH wet etching process was carried
out to gradually obtain the GaN nanorods with both side-
walls of the m-plane.

Through experimental exploration, we obtained more op-
timized TMAH wet etching conditions. TMAH : H,0O was 1 : 3,
water bath temperature was 80 °C, and corrosion time was
17 min. Then, a GaN nanorod array with ideal morphology
was obtained. The SEM measurement results are shown in
Fig. 2(e). The diameter of the nanorods is about 335 nm and
the height is about 1.14 um. Although the non-polar m-
plane of the sidewall of GaN nanorods has a lower etching
rate compared with other planes, it can also be etched in the
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Fig. 2. The basic process of GaN nanorod formation by SEM at different etching time: (a) 3, (b)

TMAH solution for a long time. As a result, the diameter of
the nanorods was further reduced to a minimum of 78 nm
(Fig. 2(f)) as corrosion time continued to increase.

A graphene-GaN nanorod array heterojunction ultravi-
olet detector was fabricated. Fig. 3(a) shows the cross—section-
al structure of the device, with graphene in contact with n—-
GaN nanorods forming Schottky structures and n*-GaN
in contact with metal electrodes forming ohmic contacts.
Fig. 3(b) is an optical microscope image of the device struc-
ture. The square region in the middle is the main light-sensit-
ive region of the device. The area was designed between 100
x 100 um2 and 300 x 300 umZ2 The inset is an SEM image of
the GaN nanorods. The size of nanorod arrays was consistent
with the design value with the diameter of 500 nm and inter-
val of 300 nm. The /-V characteristics of graphene-GaN nanor-
ods photodetectors in darkness and light are compared as
shown in Figs. 3(c) and 3(d). With bias varying from -5to 5V,
Fig. 3(c) shows a significant increase in photocurrent when illu-
minated with a 365 nm UV light source as compared with dark-
ness. lohoto : ldark is @bout 100. The inset of Fig. 3(c) shows that
the ideality factor and barrier height were 1.42 and 0.73 eV at
the darkness, respectively. It can be seen that the device has
excellent detection ability in the band of 365 nm. Fig. 3(d)
shows the /-V curve of the y-logarithmic transformation at
100% laser power in the dark and under ultraviolet light. Asym-
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metric /-V curves show that the Schottky junction has a rectify-
ing behavior in the dark.

To study the periodicity and sensitivity of the detector to
ultraviolet light, we test the switching frequency characterist-
ics of the device. Fig. 3(e) shows the variation of current with
time at the drain voltage (Vys) of -5 V under the cyclic ultravi-
olet illumination of the detector. The band of ultraviolet light
was 365 nm and the period was 0.1 s. In a light switching
cycle, the photocurrent increased rapidly and then stabilized
after reaching the peak. When the light was turned off, the
photogenerated carriers gradually fell from the conduction
band to the valence band, and the photocurrent decreased
rapidly until all of the photogenerated carriers were ex-
hausted. As can be seen from the changes of detector cur-
rent during the four UV illumination periods in Fig. 3(e), the
photoresponsivity of the detector has excellent periodicity
and stability. For the sensitivity of the detector, the rise time
(1) was measured from 10% to 90% of the signal peak value.
The decay time (1) was from 90% to 10%[271. As shown in
Fig. 3(f), the graphene-GaN nanorods ultraviolet detector has
a 7, of 13 ms at the beginning of illumination and a 7 of 8 ms
from the time used to turn off. This is mainly attributed to
the effect of the graphene-GaN nanorods' heterojunction.
For the GaN nanorods structure, the incident light has an in-
creased contact area with the GaN and can be reflected and
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Fig. 3. (Color online) (a) The cross-sectional structure of the graphene-GaN nanorod array heterojunction ultraviolet detector. (b) An optical micro-
scope image of the device structure, and the inset is an SEM image of GaN nanorods. (¢, d) The -V characteristics of graphene-GaN nanorods pho-
todetectors in darkness and light. (e, f) The variation of current with time at the bias of -5 V under the cyclic ultraviolet illumination of the detect-

or.

absorbed many times. Then, more photo-generated current
can be generated and transported to the electrode under the
action of an external electric field to form a photocurrent.
Therefore, compared with GaN thin film, the vertical GaN
nanorod arrays have a higher surface volume ratio and sur-
face carrier recombination ability, thus enormously improv-
ing the photo-carrier generation and recombination effi-
ciency. In addition, the heterostructure between graphene
and GaN nanorods contributes significantly to the rapid re-
sponse of the detector.

Fig. 4(a) shows the band structure of the graphene-GaN
nanorod array heterostructure. When graphene was exposed
to GaN nanorods, electrons from GaN nanorods near the het-
erojunction interface flow into graphene. This happens be-
cause the Fermi level of GaN nanorods is higher than
graphenel'3l, After electron accumulation in graphene to a cer-

tain extent, the space charge region will be formed at the inter-
face, and the electron accumulation on the graphene side
will carry a negative charge. Because of the gap in the GaN
nanorods, graphene is partially suspended on the nanorods,
which enhances the electron transport capacity of graphene.
Furthermore, the band of GaN nanorods can bend upward at
the interface when the electron migration leaves the donor
with a positive charge, and the built-in electric field is gener-
ated[28, When ultraviolet light irradiates the detector, it is ab-
sorbed by the GaN nanorods after passing through the
graphene transparent electrode. The photons provide the elec-
trons in the valence band with energy, causing them to jump
into the conduction band, creating a photonic hole in the
valence band and a photonic electron in the conduction
band, which is called the photo-generated carrier pair. It is rap-
idly separated by the built-in electric field of the heterojunc-
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Fig. 4. (Color online) (a) The band structure of the graphene-GaN nanorod array heterostructure. (b) A curve of device photoresponsivity as bias
voltage changes. (c) The bias voltage and light power as a function of D*. (d) The spectral response curve of the detector at the bias of -5 V.

tion and is collected by the electrode to become the photo-
current.

Photoresponsivity (R) is one of the important parameters
of the photodetector. It is defined as the ratio of the photocur-
rent output to the incident light power over the active re-
gion of the detector, which can be expressed as[2%:

lon

Ri=pe (1)
where [y, is the photocurrent irradiated by incident light, P, is
the optical power density, and S is the effective illumination
area. Ris a parameter used to demonstrate the ability of a de-
tector to produce photocurrent at a given wavelength and op-
tical power. Fig. 4(b) shows a curve of device photoresponsiv-
ity as bias voltage changes. It can be seen that the R de-
creased as bias voltage decreased, and the maximum re-
sponse of the device is 13.9 A/W. External quantum effi-
ciency (EQE) is the ratio of the number of electric load cur-
rents (N¢) collected to the number of photons (N) of the pho-
tocurrent produced by the irradiated device. The external
quantum efficiency can be expressed as follows[29!:

Nc  hc

EQE = N aR, (2)
where h is the Planck constant, ¢ is the speed of light, e is
the electron charge, and A is the wavelength of the input
light. Furthermore, the EQE of the device was about 479%,
which indicates that there was an internal gain in the device.
Based on the heterojunction structure of graphene and GaN
nanorods, photoelectron hole pairs are produced when the
energy of incident light corresponds to the bandgap width of

semiconductor. Under the reverse bias, the electron hole
pairs are ionized by the collision with the lattice in the pro-
cess of motion and are excited again to produce the gain. Be-
cause the structure of nanorod arrays increase the number of
photogenerated carriers, both the gain and the EQE
increasel?8l, One of the other most important quality factors
of photodetectors is the specific detectivity (D’), which can
be expressed as(29L:

D* - RVA 7
V2qis

where A is the area of the device region and iy is the dark cur-
rent of the device. As shown in Fig. 4(c), D" increases with in-
creasing bias voltage and decreases with increasing light
power. The D"was about 1.44 x 10'° Jones when the bias

was -1V at 1% light power.
The spectral response curve of the detector at the bias of
-5 V is shown in Fig. 4(d). The response peak of the detector
was located in the 360 nm band. At a wavelength less than
360 nm, the device also had a certain photoresponsivity with
gradual decay. When the wavelength was more than 360 nm,
the photoresponsivity of the device decreased sharply. This
happens because the space-charge region of the Schottky
device is located on the semiconductor’s surface and the re-
duction of quantum efficiency is suppressed. Because the num-
ber of photons decreases at the same light power, the photore-
sponsivity of the shortwave region decreases in part. GaN
has a bandgap of 3.4 eV and a wavelength of 360 nm for
photons of the same energy, indicating that the main work-
ing region of such detectors is still on the semiconductor
side, and graphene does not cause any change in absorption

©)
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Table 1. The performance comparison of graphene (G) and Ga-based materials heterostructure photodetectors.

Material Response band (nm) Bias (V)  Responsivity (A/W) EQE (%)  D* (Jones) 7,/7: (ms) Ref.
G-GaN NwW 357 1 25 - - - [14]
G-GaAs NW 532 0 0.00154 - - 0.071/0.194 [30]
G-Ga,0; NW 258/365 -5 3 x 104/0.185 - - 9/8 [31]
G-GaN 325 10 0.36 87.5 1x 1010 5.05/5.11 [17]
G-AlGaN/GaN 300/350 -2 0.56/0.079 - - - [32]
G-GaN NR 360 -5 13.9 479 1.44x 1070 13/8 This work

when substituted for metal. The performance comparison of
graphene (G) and Ga-based materials heterostructure photode-
tectors has been listed in Table 1. The device in this work has
comparable detection ability at the UV range to other works.

4, Conclusion

In conclusion, GaN nanorods were fabricated by dry etch-
ing with ICP and wet etching with TMAH. Furthermore, a
graphene-GaN nanorod heterostructure ultraviolet detector
was fabricated and its photoelectric properties were meas-
ured. The ideality factor and barrier height were 1.42 and
0.73 eV at the darkness, respectively. When illuminated by a
365 nm UV light source, the photocurrent is improved obvi-
ously. Iphoto © lyark Was about 100. This showed that the device
has excellent detection ability at the UV range. The rising
time and falling time of the transient response were 13 and 8
ms, respectively. A high photovoltaic responsivity up to 13.9
A/W and EQE up to 479% were realized at the UV range. D" is
about 1.44 x 1070 Jones at -1 V bias in ambient conditions.
The spectral response was measured and the highest re-
sponse was also observed at the 360 nm band.
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