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ABSTRACT: Because of their tunable band gap, flexibility, and high surface-to-volume ratio, two-
dimensional materials have appeared as the most promising materials for ultraviolet (UV) light sensors.
Here, we report the detection of UV light by oxidized epitaxial graphene (EG) formed on the Si-face of
the SiC substrate and graphene oxide (GO) produced by Hummer oxidation of graphite. Both epitaxial
graphene oxide (EGO) and GO were characterized by Raman and X-ray photoelectron spectroscopy,
and the devices were made simply by placing two parallel copper electrodes onto the graphene oxide
layers. Irradiation of UV light onto the graphene oxides was realized by the real-time current
measurements between two electrodes at a fixed bias of 1 V. The sudden upward jump of the current
(Ids) upon UV light irradiation was observed in both EGO- and GO-based devices, which were
returned to the original value, while the UV source was turned OFF. The photocurrent (Iph), the
magnitude of the current jump by the UV irradiation, for EGO, was estimated at 8 mA with a channel distance of 2 mm and UV
power of 80 mW/cm2. The Iphlinearly increases with UV power. In the case of GO, Iphwas estimated at 0.2 nA with a similar setup.
The photoresponse time and responsivity for EGO are ∼11 s and 5.6 A/W, respectively, which are higher than those of GO. The
quantum efficiencies (η) for EGO and GO are calculated as 1907 and 2.3 × 10−6 %, respectively, with an incident power of UV light
at 9 mW/cm−2. Because of the advantages of the EG on SiC concerning the stability and wafer scale growth, the present study is
expected to lead the development of lab-on-chip-based ultrasensitive UV sensors.

1. INTRODUCTION
Ultraviolet (UV) radiation, electromagnetic radiation within
the wavelength range of 10−400 nm, is abundantly present in
sunlight. It can also be generated by various artificial light
sources for different purposes.1,2 Although UV light is generally
used as an important optical source for many applications such
as semiconductor lithography, polymer curing, sterilization,
and disinfection of medical equipment and everyday supplies,
bioanalysis and cell imaging, light therapy, and beauty care and
antiaging treatment, it can also adversely affect all living
things.1−4 In humans, overexposure to UV radiation is
associated with the development of various skin-related
diseases including erythema, pigment darkening, sunburn,
skin cancers, and cancer of the cornea and conjunctiva.5,6 To
prevent harmful effects, frequent monitoring and instantaneous
warning of personal UV exposure are necessary. A UV light
sensor is based on the response of the material’s electrical
properties, such as conductivity and resistance by the
irradiation of UV light.
So far, various large band gap semiconductor materials have

been explored to manufacture ultraviolet sensors, such as type
III-nitrides and II−VI, III−VI, and IV−VI compounds.7,8
Semiconductor materials have great potential to be used as
photoelectric sensors because they offer the opportunity to
tune their band gap in the UV region of the electromagnetic
spectrum. Among the different semiconductors, ZnO, TiO2,
Zn2SnO4, ZnGa2O4, ZnMgO, Zn2GeO4, SnO, SnO2, NiO,
Nb2O5, K2Nb8O21, Ta2O5, and Ga2O3 have been widely

studied because of their abundant reserves, excellent stability,
and environmentally beneficial properties.7,8 Other wide band
gap materials such as metal nitrides, metal sulfides, metal
selenides, carbon-based materials, and 2D analogues of
graphene, such as phosphorene, have been investigated.9−18

Recently, it has been found theoretically that metal oxide
semiconductors binding with two-dimensional (2D) materials
show higher photoresponse than their bulk because of their
large specific surface area and incomparable thinness.14−16

Since the invention of graphene in 2004, many studies
involving UV photodetectors have been reported based on
two-dimensional (2D) materials.19,20

Graphene, considered the material for the future, is a 2D
zero band gap material that can readily be obtained by
exfoliation of graphite, chemical vapor deposition on the metal
substrate, or epitaxial growth on SiC.19−21 Because of its
excellent optical, electrical, and mechanical properties,
graphene has appeared as the most promising material in
materials science, micro/nanoprocessing, energy, and different
types of sensors, such as graphene capacitors, nanopower
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generators, and superconductors.20,22,23 Graphene has been
extensively studied for the development of various types of
graphene field-effect transistor-based gas sensors and bio-
chemical sensors.24 The zero band gap and one atom thickness
make the graphene almost transparent and found to absorb a
(pa = 2.3%) little fraction of incident white light.25 Hence, the
pristine graphene cannot be utilized as a light sensor.
In contrast to pristine graphene, graphene oxide derived

from graphite or epitaxial graphene exhibits a significant band
gap.26−30 The band gap of graphene oxide varies with the
extent of oxidation of graphene carbon atoms. Hence, the band
gap of graphene oxide is tunable, which makes it a promising
material for the light sensor.28,29 The band gap in GO is ∼2.2
eV, and for reduced GO (RGO), the band gap can vary from
∼1.00 to 1.69 eV depending on the degree of reduction.28,29
To date, some studies involving UV detection have been
reported on GO- or RGO-based sensors. Wang et al. reported
a low-cost, high-performance UV sensor compatible with
flexible electronics from an azide-shaped ZnO film modified
with reduced graphene oxide (RGO) on a PDMS substrate
and showed a significant increase in the on/off ratio and
photoresponse current by introducing an appropriate weight
ratio of RGO.31 Chitara et al. also reported UV response in
devices with several layers of RGO films on ITO/glass
substrates.32 Abusultan et al. have reported an oxide (GO)-
based paper UV sensor and demonstrated its capability and
feasibility of commercial utilization.33

To date, most of the reported studies have focused on thin
GO or RGO films.31−33 Indeed, fabrication of a sensor
consisting of a monolayer graphene between the electrodes in
lateral configuration is a difficult and expensive task since it
requires high-end nanoscale manipulation techniques. How-
ever, a single layer of graphene oxide can be easily obtained by
the control oxidation of EG on SiC.27 To the best of our
knowledge, no studies have been reported on EG on SiC-based
UV sensors. Indeed, instead of graphite-derived graphene
oxide, epitaxial graphene oxide has the advantage of being
produced on a wafer scale and with enhanced stability.
Recently, we have developed a control method of oxidation of
EG on SiC, resulting in one to three layers of graphene oxide
supported onto the SiC substrate.27 Thus produced EGO on a
SiC substrate can readily be used in UV sensing devices
without any complex transfer process or treatments. The band
gap of such EGO on SiC is estimated to be 0.4 eV.27 Hence,
the epitaxial EGO on SiC is expected to show an excellent
response to ultraviolet light, leading to the development of an
integrated array of UV sensors on a wafer scale. Here, we
investigated the UV response of UV light on EGO on SiC and
compared the results with those of a thin film of GO.

2. MATERIALS AND METHODS
The most common and powerful method for preparing
graphene oxide from graphite is the Hummers method and
the modified Hummers method of oxidation.34 In the
Hummers method, a mixture of NaNO3, KMnO4, and
H2SO4 was used as the oxidizing agent. For oxidation of
graphite, 0.6 g of graphite, 0.1 g of NaNO3, and 1.8 g of
KMnO4 were added to 20 mL of concentrated H2SO4 with
constant stirring in an ice bath for ∼1 h. At this time, the
solution turned dark green. The mixture was then stirred for 3
h while being maintained at a constant temperature (35 °C).
At this stage, the color of the solution changed from dark green
to brown, and then, 10 mL of hydrogen peroxide water was

added until the color of the solution changed from brown to
yellow. The GO mixture was stirred in a hot water bath at 90−
100 °C for 2 h, which turned the solution black. The resulting
black graphene oxide solution was centrifuged to separate the
graphene oxide layer from the unoxidized graphite. The
supernatant of the GO solution was collected, and a few drops
of the GO solution were carefully placed on a clean glass slide.
The glass slide was then allowed to dry under ambient
conditions. When the water of the GO solution was dried up, a
thin film of GO (∼1 μm) was obtained on a glass slide by
heating it in an oven below 100 C.
EG on SiC was prepared by annealing a piece (1 cm × 2 cm

cut) of the 6H-SiC(0001) sample at 1350 °C for five to six
cycles of 1 min in a UHV chamber with a maximum pressure
of ∼5.0 × 10−9 Torr. Thus, the prepared EG on the Si-face of
the SiC substrate usually contains one to three layers of
graphene.35 The EG grown in UHV was oxidized ex situ using
Hummer’s oxidizing agents (mixture of NaNO3, KMnO4, and
H2SO4). In the “drop-cast” procedure, a few drops of Hummer
solution were carefully placed onto the EG on the SiC
surface.34 The sample was then placed on a hot plate and
heated to ∼60 C for faster oxidation. After oxidation, the
sample was cleaned by DI water and H2O2 repeatedly. Thus,
one to three layers of EGO on SiC could be obtained. A typical
scanning tunneling microscope (STM) image of EGO on SiC
is shown in the Supporting Information.
The EG on SiC, EGO, and GO was characterized by Raman

and X-ray photoelectron spectroscopy (XPS). Raman measure-
ments were carried out by a Nicolet Almega XR Raman
spectroscope with a 532 nm laser. XPS was carried out by an
AXIS-NOVA. The X-ray target is Al (hv = 1486.6 eV).
The UV response on the resistive current of the EGO on

SiC and GO was monitored by making simple devices
consisting of two copper electrodes 2 and 8 mm apart by
attaching copper tape, as schematically shown in Figure 1.
Since the two copper electrodes were in ohmic contact with
the graphene oxides supported on an insulating substrate, the
device can be categorized as a photoconductive detector.36

The entire detection experiment was performed in complete

Figure 1. Schematic of the devices used for the measurement of UV
response on the resistive current of (a) epitaxial graphene oxide
(EGO) on a SiC substrate and (b) graphene oxide (GO) on glass. (c)
Setup for real-time two-terminal measurements of resistive current
with UV light ON and OFF states.
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darkness to ensure that it was not affected by ambient light to
the greatest extent. An AS ONE LUV-16 instrument was used
as the ultraviolet light (365 nm) source in the test. Two-probe
surface conductivity measurement was performed using a
homemade probing system with W probes and a LabVIEW
system (National Instruments). A Keysight 4155B semi-
conductor parameter analyzer was used for monitoring the
real-time current while switching the UV source ON and OFF
states periodically. The drain voltage was maintained at 1 V,
while the source terminal was grounded.

3. RESULTS AND DISCUSSION
3.1. Characterization of EGO and GO. The most reliable

and commonly used technique for the characterization of
graphene and its oxide derivatives is Raman spectroscopy. For
the pristine graphene, two major characteristics bands, 2D
(∼2700 cm−1) and G (∼1600 cm−1), are observed. Figure 2

shows the typical Raman spectra of pristine EG on SiC, EGO
on SiC, and GO. The G band is ascribed to the in-plane
vibration of sp2 carbon atoms, which is a doubly degenerate
phonon mode (E2g symmetry) at the Brillouin zone center.

37

The 2D band is a two-phonon process, which is allowed only
for a perfect lattice of graphene.37 The small D peak at 1380
cm−1 is a defect-induced band, which appears in the case of
clean graphene on SiC due to the interaction of graphene with
the substrate.37 The graphene oxide possesses a variety of
oxygen moieties such as epoxy, ether, carboxylic, hydroxyl, and
carbonyl groups at the edge and on the basal plane of the GO
sheet, i.e., the continuity of the hexagonal lattice is broken.
Hence, the oxidation of graphene induces a decrease in the
intensity of the 2D band and increases the D band, as observed
in the Raman spectra of EGO on SiC and GO (Figure 2). The
further confirmation of oxidation of graphene was confirmed
by XPS measurements. The high-resolution C 1s spectra of
EGO and GO (Figure 3a) show the oxidized C 1s peaks
around 286 eV. Though the oxidized graphene contains
varieties of O-containing functional groups such as epoxy,
ether, carbonyl, etc., the deconvoluted individual peaks are not
observed. The lower energy peak around 284.7 eV is ascribed
to C 1s of graphene carbon atoms. To see the effect of UV
light on the conductivity of oxidized graphene, graphene oxide

must be conductive. The conductivity of oxidized graphene
was investigated by two terminal I (current)−V (voltage)
measurements. Figure 3b shows the typical I−V curves of EGO
on SiC and the GO film on glass. The results indicate that
current passes through EGO on SiC and GO on glass. The
large difference in the I−V curves of EGO and GO is due to
the different extent of oxidation of graphene, which makes the
band gap differences. The extent of oxidation of EGO obtained
by a mild drop-cast procedure is much lower than that of GO
obtained by vigorous Hummer’s oxidation.27 Although the
electrodes are similar in both devices, the lower current in GO-
based devices is due to the large band gap and higher resistivity
of the GO film. Note that the resistivity of the SiC substrate is
very high, and it does not conduct any current under the
present setup. Hence, EGO and GO can be used to see the
effects of UV light on their conductivity by two terminal
measurements.

3.2. Effect of UV Irradiation on the Conductivity of
EGO and GO-Based Devices. The UV response of a material
can be realized by the photoconductive effect of the material.
The positive photoconductive effect arises from the excitation
of additional carriers into the conduction states or any other
midgap states, which can ultimately modulate the conductivity
of the material that acts as the channel of the carriers.38−41

These excited additional carriers can be converted into the
current by applying an external bias through symmetrical
contacts onto the channel materials through which the
additional carriers are dumped. Hence, for the detection of
the UV response on the conductivity of EGO, the two terminal
current measurements were done in real time by connecting
the two tungsten probes onto the two copper electrodes (as
shown in Figure 1) while the device was intermittently
irradiated with UV light for a certain time. Figure 4a shows the
real-time current (Ids) data of the EGO on a SiC-based device
while the UV source is turned “ON” and “OFF” periodically.
When the UV source is turned ON, a sudden jump in the Ids

Figure 2. Raman spectra of (a) pristine epitaxial graphene (EG) on
SiC, (b) oxidized EG on SiC, and (c) graphene oxide (GO) obtained
from the oxidation of graphite.

Figure 3. (a) High-resolution C 1s spectra of pristine EG on SiC,
oxidized EG on SiC, and GO obtained from the oxidation of graphite.
The C 1s peaks arise from the graphene carbon, and oxidized carbon
is indicated as C�C and C−O. (b) Current (I) vs voltage (V) curves
for EGO on SiC and GO on glass-based devices.
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value between the two electrodes is observed. When the UV
source is turned OFF, the Ids value immediately returns to the
initial value. The periodic changes of the current in response to
UV light confirm the reproducibility of the UV-induced
photocurrent for the EGO on SiC-based devices. With the UV
source setting at 10 cm above the EGO on the SiC surface, the
jump of the Ids value to ∼8 mA was observed. The jump of the
Ids value upon irradiation of UV light relates to the
photoexcitation of electrons leading to the generation of
electron−hole pairs in EGO.39,40 The photoexcitation process
may involve both the conduction band states and defect-
induced midgap states, where the electrons can temporarily be
trapped.40 Note that these defect-induced states in GO are
expected to be much higher than those of EGO, which is
negligible in the case of pristine EG on SiC.
It can be seen in Figure 4a that the initial Ids values (dark

current) gradually increase with the increase in the number of
irradiation cycles. The exact reason behind this gradual
increase in the dark current (Figure 4a) is not clearly
understood at this stage. This phenomenon can be derived
from the electrode/photoconductor ohmic contact, photo-
conductor/substrate interface, or bulk properties of the
conducting material, i.e., graphene oxide.41 Apparently, the
electrode/material contact in the present study is similar for
EGO- and GO-based devices, but the dark current gradually
increases only for EGO-based devices. Hence, the gradual
increment of dark current may not come from the effect of
electrode/material contact. The phenomenon may also not
relate to the photoconductor/substrate interface because the
GO thin film on the SiC substrate gives similar results (Figure
S1a in the Supporting Information) to that on the glass
substrate (Figure 4b). Hence, the gradual increases in dark
current upon periodic exposure to UV light most likely arise
from the intrinsic properties of EGO. Indeed, different types of
currents such as diffusion current, trap-assisted tunneling
current, generation-recombination current, surface leakage
current, etc. can contribute to the dark current of a
photoconductive device.41 Similar to the photocurrent, the
dark current may be generated by the thermal excitation of the
carriers to the conduction band or defect states related to the
lattice defect in graphene or oxygen impurities. Since the main
difference between the EGO- and GO-based devices in the
present study is the band gaps of the photoconductor
materials, i.e., the extent of oxidation, the observed
phenomenon may arise from the thermal excitation of the
carrier into the conduction band. Most likely, the sequential
irradiation of UV light causes the gradual increase in

temperature of the graphene oxide channel, which induces
the excitation of carriers into the conduction or defect states in
the case of EGO-based devices because of the low energy band
gap (0.4 eV) of EGO.
Similar to EGO on SiC-based devices, GO-based devices

also exhibit UV responsivity with a jump of Ids values upon
irradiation of the device with UV light, as shown in Figure 4b.
In the case of GO-based devices, the current jump was
estimated at about 0.2 nA with the UV source set at a distance
of 10 cm. The lower Ids value compared to the EGO-based
device may relate to the aggressive oxidation of graphite by the
Hummers method, resulting in the higher resistivity, which is
realized in the I−V data shown in Figure 3b. To see that the
photoresponse arises from the graphene oxide, several blank
tests with the light source and materials were performed. No
changes in the Ids value were observed when the EGO on SiC
and GO film on glass were irradiated with white light, but they
readily responded to UV light, as shown in Figure 5a,b. In
addition, pristine EGs on SiC and SiC substrate itself do not
show any responsivity upon UV light irradiation under a
similar setup to that of EGO- and GO-based devices (Figure
S1b in the Supporting Information). Thus, blank experiments
confirm that the UV response arises purely from the EGO on

Figure 4. Real-time current (Ids) values upon sequential irradiation of UV lights on (a) EGO on SiC and (b) GO on glass-based devices.

Figure 5. Effects of UV and white light on (a) EGO on SiC and (b)
GO-based devices.
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SiC and the GO layers on glass. It should also be noted that
the photoinduced jump of the Ids value in the case of a GO-
based device was only observed when the two electrodes were
attached on top of the thin GO film, as shown in Figure 1, i.e.,
the GO layers exposed to UV light are in direct ohmic contact
with the metal (Cu) electrodes. No photoinduced current is
observed when the electrodes are placed at the back of the GO
film. This phenomenon may depend on the thickness of the
film, which has yet to be explored.
The jump of the Ids value upon UV light irradiation is

normally termed photocurrent (Iph). It is well known that the
photocurrent of a material depends on the power (i.e.,
intensity) of the UV irradiation. The Iphof a photodetector
device is expressed by Iph = Iuv − Idark, where Iuv is the current
under UV irradiation and Idark is the current under a dark
environment. The dependence of Iphon the intensity of the UV
light has been investigated by adjusting the intensity of the UV
light by changing the distance between the device and the UV
light. The irradiation output of the UV light source used in this
experiment is 4000 mW/cm2. The area exposed to UV light
was measured to be 50 cm2 when irradiated with UV light at a
distance of 10 cm. We estimated the UV intensity based on
this value and did the measurements at various distances.
Figure 6a,b shows the real-time Ids values at different

intensities of UV lights irradiated onto EGO on SiC and GO
on glass-based devices. Measurements were taken at distances
of ∼10, 20, and 30 cm from the UV source to the device. In
the case of GO (Figure 6b), the photocurrent (Iph) increases

sharply with UV intensities compared to that of EGO on SiC-
based devices. It should be noted that in addition to the
intrinsic properties of channel materials and power of
irradiation, the Iphalso depends on the geometry of the device,
i.e., the length (L) and width (W) of the channel as Iph is
proportional to W/L. With decreasing the length of the GO
channel, the Iphcan be enhanced. A simple channel length-
dependent experimental data set is shown in Figure S1 in the
Supporting Information.

3.3. Photoresponsivity and Response Time of the
Devices. In addition to the aforementioned photocurrent Iph,
two other parameters are also evaluated for the character-
ization of a UV detector: the photoresponsivity (R) and
response times. Photoresponsivity is expressed by the following
formula, R = Iph/(Pin × S), where Pin is the UV power per unit
area (mW/cm2), and S is the effective area of the device. The
effective device areas were calculated as 0.1 cm2 for EGO and
0.4 cm2 for GO when the channel distance was 2 mm. The
response time includes two terms, the rising time (τr) and
falling time (τf), which are defined as the time required for
increasing the Ids values from 10 to 90% and decreasing the
Ids values from 90 to 10% of the photocurrent, respectively (as
shown in Figure S2 in the Supporting Information). The
estimated parameters at different UV intensities for both EGO
on SiC and GO on glass-based devices are listed in Table 1.
The response times for reduced graphene oxides estimated

from three terminal measurements were reported to be 2 and
100 s, while the responsivities were reported to be 4 and 0.12
A/W.39,40 For a two-terminal measurement with reduced
graphene oxide nanosheets, the response time and responsivity
are reported as 1 s and 3.74 A/W, respectively.18 Note that the
response (τr) and falling (τf) times of a photodetector depend
on many factors including the intrinsic properties of the
photoconductor, light wavelength, nature and concentration of
defects, temperature, electrode geometry, and humidity.41 The
difference in response times for EGO- and GO-based devices
may arise from the difference in band gap and the
thermoelectric effect that also causes the gradual increase in
dark current.
In addition to the responsivity and response time, another

crucial parameter for photoconductors is the quantum
efficiency (η). The quantum efficiency is defined as the
number of electrons detected per incident photon, which can
be estimated as, η = hcR/eλ, where h is the plank constant, c is
the velocity of light, R is the responsivity, e is the electronic
charge, and λ is the wavelength of incident light. Thus, the η
values for EGO and GO are calculated as 1907 and 2.3 × 10−6

%, respectively, with an incident power and wavelength of UV
light of 9 mW/cm−2 and 365 nm, respectively. The η for a few
layers of reduced graphene oxide nanosheets was reported to
be 1274%.18 The large difference in the responsivity and
quantum efficiency between EGO and GO may relate to defect
states that trap the photoexcited electrons and play a role in

Figure 6. Dependences of photocurrents with the power of UV lights
of (a) EGO on SiC and (b) GO on glass-based devices.

Table 1. Different Parameters of EGO- and GO-Based Devices

EGO GO

P (mW/cm2) 80 20 9 80 20 9
Iph (μA) 8000 5000 5000 1.91 ×10−4 0.55 ×10−4 0.23 ×10−4

R (A/W) 1 2.5 5.6 5.9 ×10−9 6.8 ×10−9 6.3 ×10−9

τr (s) 16 15 10 0.60 0.40 0.30
τf (s) 4 5 4 0.30 0.40 0.40
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the desorption and readsorption of oxygen moieties but not
into the photocurrent.42

4. CONCLUSIONS
Despite many studies involving UV sensors with wide band gap
materials, two-dimensional materials have appeared as the
most promising material for UV sensors because of their
tunable band gap, flexibility, and large surface area. To date, a
few studies have reported on the detection of UV radiation
with GO or RGO film-based UV sensors, where the GO was
obtained from graphite. Here, we investigated the effect of UV
irradiation on the conductivity of EGO on SiC and GO film on
glass obtained from Hummer’s oxidation of graphite. EG on
SiC was prepared by high-temperature (∼1350 °C) annealing
of SiC in a UHV chamber. Then, the EG on SiC was oxidized
by a soft drop-cast procedure using Hummer’s oxidizing agent,
which resulted in one to three layers of graphene oxide
supported on the SiC substrate. Following the characterization
of EGO and GO by Raman and XPS, the devices were made
by placing two copper electrodes in parallel onto the graphene
oxide layers. The effect of UV light on the conductivity of the
devices was measured by real-time current measurements
between two copper electrodes upon the intermittent
irradiation of the UV light. The positive response of the UV
light was realized by the increased current (Ids) upon
irradiation of UV light, which returned to its original value
while the UV source is turned OFF. With a channel distance of
2 mm and UV power of 80 mW/cm2, the photocurrent (Iph)
for EGO on SiC was 8 mA, which linearly changes with UV
power. In the case of GO on glass, the Iphvalue is 0.2 nA with a
similar setup. The photoresponse and falling time for EGO on
SiC (∼16 and ∼4 s) are much higher than those of the GO
film (0.6 and 0.3 s). The photoresponsivities for EGO and GO
at a power of 9 mW/cm2 are 5.6 and 6.3 × 10−9 A/W,
respectively. The estimated quantum efficiency for EGO on
SiC is 1907%. It is expected that both the photocurrent and
responsivity of EGO on SiC can be magnified by improving the
device consisting of an array of microelectrodes. Because of the
advantages of the EG on SiC concerning the stability and wafer
scale growth, the present study is expected to lead the
development of lab-on-chip-based ultrasensitive UV sensors.
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