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ABSTRACT: Recently, Ga2O3-based self-powered ultraviolet
photodetectors have aroused great interest due to their potential
applications in civil, medical, and environmental monitoring fields.
So far, most p−n junction photodetectors are fabricated with p-
type semiconductors like GaN and SiC, which are usually nonoxide
materials. As a result, the p-type semiconductors are oxidized and
the conductive properties degenerated when constructing a p−n
junction with the Ga2O3 thin film at a high growth temperature. In
this work, we chose the oxide NiO as the p-type material and used
radio-frequency reactive magnetron sputtering system to fabricate
the all-oxide NiO/Ga2O3 p−n junction at room temperature and
manufacture the self-powered UV photodetector. Thanks to the type II band alignment, the photodetector exhibits a responsivity
(R) of 57 μA/W, a detectivity (D*) of 5.45 × 109 jones, and an Ilight/Idark ratio of 122 when exposed to a 254 nm light irradiation at 0
V. In addition, the photodetector based on the all-oxide NiO/Ga2O3 p−n junction shows good stability and reproducibility in air,
oxygen, and vacuum. Our results provide an inexpensive and suitable pathway for the mass production of self-powered UV
photodetectors.
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■ INTRODUCTION

Recently, ultraviolet (UV) photodetectors have aroused the
widespread concern of researchers around the world for their
wide applications in UV radiation detection, missile warning,
flame detection, ozone monitoring, and environmental
monitoring.1−5 In general, traditional UV photodetectors
always need external power. However, they are not suitable
for energy-saving and environment nowadays, especially the
materials for batteries are unfriendly for human health. These
photodetectors based on p−n junction, heterojunction, or
Schottky barrier can work without an external voltage. Thanks
to the built-in electric field, the electron−hole pairs can
separate automatically,6−8 which not only has the benefit of
energy-saving but also makes it possible to work in Antarctic/
Arctic and outer space for a long time.
Gallium oxide (Ga2O3) is a promising wide band gap

semiconductor that exhibits many natural advantages over
other materials, especially in developing self-powered UV
photodetectors.9−13 In recent years, many reports have been
published in this area, which has attracted widespread
attention. Because of the intrinsic oxygen deficiency, hydrogen
doping, Si impurities, etc., Ga2O3 behaves as an n-type oxide
semiconductor.14−18 Therefore, it can form a p−n junction for
self-powered UV photodetectors with some p-type semi-

conductor materials, including GaN,19−21 SiC,22−24 etc.25,26

These photodetectors exhibit satisfactory photoresponsivity
under the bias of 0 V. For example, our group20,21 constructed
self-powered UV photodetectors using GaN/Ga2O3 and GaN/
Sn:Ga2O3 p−n junction with the responsivity of 28.44 mA/W
and 3.05 A/W. Shen et al.27 manufactured a self-powered Au/
β-Ga2O3 nanowire array film Schottky junction with a
responsivity of 0.01 mA/W. Jia et al.24 prepared a β-Ga2O3/
4H−SiC p−n junction device with a responsivity of 10.35 mA/
W. Among these self-powered structures, photodetectors based
on p−n junction are more attractive, while Schottky-type
photodetectors have limitations such as small open circuit
(Voc), light reflection by metals, and insufficient depletion
width. However, the p-type semiconductor used in the Ga2O3-
based p−n junction self-powered UV photodetectors usually
are nonoxide materials, like the above-mentioned GaN and
SiC. Thus, the p-type semiconductor is oxidized when the
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crystallized Ga2O3 thin film is grown on it under a high growth
temperature and its conductive properties are affected. As a
result, the built-in electric field, which originates from the p−n
junction, is diluted. Therefore, it is necessary to find a p-type
oxide semiconductor material that would constitute a high-
performance p−n junction self-powered photodetector.
NiO as a natural p-type oxide semiconductor has attracted a

lot of attention owing to its 3.2−3.8 eV band gap with excellent
chemical stability, nontoxicity, and high visible-light trans-
mittance.28−33 In addition, the large excitonic binding energy
(110 meV) makes it more widely used than other semi-
conductors such as GaN and ZnO.34 Recently, some research
studies have demonstrated that there is a good matching
epitaxial relation and band structure between NiO and
Ga2O3.

35−37 For example, NiO/β-Ga2O3 heterojunction
diodes have been built by the sol−gel method and exhibit a
rectifying ratio greater than 108 at a bias of ±3 V. Also, the UV
photodetectors based on NiO and Ga2O3 have attracted the
attention of the researchers. Li et al.38 prepared a β-Ga2O3/
NiO heterojunction diode that exhibits a responsivity of 415
mA/W under 7 V but did not investigate the self-powered
photoelectric properties.
In our work, we use a radio-frequency (RF) reactive

magnetron sputtering system to fabricate an all-oxide NiO/
Ga2O3 p−n junction at room temperature. To construct the
photodetector, monolayer graphene is used as the top
electrode. Graphene is a transparent conductive film composed
of a layer of carbon; due to good electrical conductivity and
UV/extreme UV optical transparency, it can be used to
increase the transmittance of the incident light and improve
the photoresponsivity.39−41 Thanks to the novel construction,
the photodetector exhibits a photoresponse time of 0.34 s and
an Ilight/Idark ratio of 122 to a 254 nm light illumination at zero
bias. Due to the existence of surface defects, the conductivity
and photoresponse of the NiO/Ga2O3 p−n junction are
affected by the absorption and desorption of O2 molecules.
Under the 254 nm light illumination, a maximum photo-
responsivity of 147 μA/W and the slowest photoresponse time
of 0.69/3.95 s (τr/τd) were obtained under oxygen and the
fastest photoresponse time of 0.20/2.51 s (τr/τd) was obtained
under a vacuum.

■ RESULTS AND DISCUSSION

The schematic diagram of the preparation process of the all-
oxide NiO/Ga2O3 p−n junction photodetector is illustrated in
Figure 1 (see the Experimental Section for details). Figure 2a
shows the XRD patterns of a NiO thick film (4 μm), a Ga2O3
thin film (200 nm), and a NiO (4 μm)/Ga2O3 (200 nm) p−n

junction grown on the (0001) Al2O3 substrates. The wider
(111) oriented diffraction peak of NiO at 36.5° is found in the
NiO thick film, indicating microcrystallinity. As for the Ga2O3
thin films grown on Al2O3 substrates, there is no obvious peak
except an indistinct diffraction peak at about 25°, which can be
interpreted as the stacking of the amorphous grain. For the
NiO/Ga2O3 p−n junction, the intensity of the diffraction peak
corresponding to the (111) reflection is weaker than that of the
NiO film directly grown on the Al2O3 substrate, which can be
explained by the existence of the Ga2O3 films on the top layer.
In Figure 2b, the NiO film shows an absorption edge at
wavelengths of about 350 nm, which is consistent with the
band gap of ∼3.60 eV (the inset of Figure 2b). Since the
material is amorphous, we used Tauc plots of (αhν)1/2 to
estimate the band gap.42,43 Here, the absorption follows a
power law of the form provided by Tauc

hv A hv E( ) ( )1/2
gα = −

Similarly, the Ga2O3 film shows an absorption edge at
wavelengths of about 255 nm (Figure 2c), which corresponds
to the band gap of ∼4.80 eV (the inset of Figure 2c). Figure 2d
shows the cross-sectional image of the NiO/Ga2O3 p−n
junction. The thicknesses of the Ga2O3 and NiO layers are
estimated to be about 200 nm and 4 μm, respectively.

Figure 1. Illustration of the preparation process of the NiO/Ga2O3 p−n junction.

Figure 2. (a) XRD patterns of a 4 μm thick NiO film, 200 nm thick
Ga2O3 film, and a NiO (4 μm)/Ga2O3 (200 nm) p−n junction grown
on the (0001) Al2O3 substrate. Absorption spectra for (b) NiO films
and (c) Ga2O3 films. (d) Cross-sectional scanning electron
microscopy (SEM) image of the NiO/Ga2O3 p−n junction deposited
on the Al2O3 substrate.
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Figure 3c displays the schematic diagram of the NiO/Ga2O3
p−n junction photodetector. Before studying the I−V

characteristics of the NiO/Ga2O3 p−n junction, we investigate
the contacts of the Ag/graphene/Ga2O3/graphene/Ag and
Ag/NiO/Ag interface, which can be seen in Figure 3a,b. The
I−V curves exhibit a linear characteristic, indicating that Ag
and graphene electrodes form ohmic contact with the Ga2O3
and NiO films. The linear I−V curve of the detector consisting
of the NiO/Ga2O3 p−n junction under dark and a 254 nm
light is shown in Figure 3d. The inset shows logarithmic I−V
features. An on/off ratio (I254nm/Idark) of 208 can be obtained
at a 5 V bias. The asymmetric ratio, I254nm (5 V)/I254nm (−5 V)
= 2.56/−0.62 μA, is ∼4.13. The result reflects a typical
rectifying characteristic, indicating the successful formation of
the p−n junction.
To further illustrate the time-dependent photoresponse of

the detector under illumination, the 254 and 365 nm UV lights
are switched on and off periodically under a zero-bias voltage,
while the light intensity of each UV radiation is 2500 μW/cm2.
As shown in Figure 4a, the dark current is about 0.17 nA.
When the detector is irradiated with the 254 nm light, the
current increases to 20.73 nA rapidly. The ratio Iphoto/Idark is
approximately 122. When the 365 nm UV light is switched on,
the photoresponse of the detector is not obvious and the
photocurrent is approximately 0.82 nA. These results indicate
that light absorption is mainly concentrated in the Ga2O3 layer.
Figure 4b shows the relationship between the photocurrent
and the light intensity, while the intensity ranges from 100 to
2500 μW cm2 at a zero-bias voltage. The regular step type
curve shows the stability and the fast response of the
photocurrent. As shown in Figure 4c, the photocurrent
increases from 3.25 to 20.73 nA with a nonlinear increasing
trend with the gradual increase in light intensity. The
photocurrent (Iph) as a function of the incident light intensity
(P) can be explained by the law Iph ∞ Pγ, where γ is the
exponent. Obviously, the experimental γ value is less than 1,
which can be attributed to the intrinsic defects, charge
impurities, and carrier recombination between the NiO/
Ga2O3 p−n junction. Responsivity (R) is a key parameter to

assess the performance of the detector, and it can be expressed
as

R
I I

P S
photo dark=

−
*

where S is the effective area of the detector (∼0.5 cm2). The
increase in the incident light intensity (100−2500 μW cm2)
not only generates more electron−hole pairs but also induces
self-heating. Subsequently, the probability of a charge-carrier
scattering and recombination is also increased, resulting in a
decrease in responsivity (57−16 μA/W). Detectivity (D*) is a
pivotal parameter to evaluate the capability of a photodetector
to describe the smallest detectable signals, which can be
expressed as

D
R

qJ2 d

* = λ

By calculation, the maximum D* of 5.45 × 109 jones is attained
at 100 μW cm2 light illumination (Figure 4d). Figure 4e shows
the effect of the bias voltage on the photoresponse of the
detector. At a higher bias, more carriers are released from the
oxygen vacancy traps and the dark current is increased. At the
same time, the photogenerated electron−hole pairs are
separated effectively, resulting in an increase in photocurrent.
The fitting curve of the photoresponse is shown in Figure 4f,

Figure 3. I−V plots of (a) Ag/graphene/Ga2O3/graphene/Ag
structure and (b) Ag/NiO/Ag structure. (c) Schematic illustration
of the fabricated prototype NiO/Ga2O3 p−n junction. (d) I−V plots
of the device based on the NiO/Ga2O3 p−n junction under dark and
254 nm light illumination.

Figure 4. (a) Continuous time-dependent photoresponse of the NiO/
Ga2O3 p−n junction under a zero bias at 254 and 365 nm
illumination with a light intensity of 2500 μW/cm2. (b) Time-
dependent photoresponse of the photodetector under a zero bias and
a 254 nm light with various light intensities. (c) Photocurrent and
responsivity as a function of light intensity. (d) Detectivity as a
function of light intensity. (e) Time-dependent photoresponse of the
photodetector under various biases with a 254 nm light illumination.
(f) Enlarged view of the rise/decay edges and the corresponding
exponential fitting.
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and it can be fitted by a formula with two relaxation-time
constants (τ1 and τ2) as follows

I I A Be et t
0

/ /1 2= + +τ τ− −

where I0 is the dark photocurrent, t is the time, A and B are
constants, the constant τ1 is related to the rapid change in the
carrier concentration when the UV light is turned on/off, and
τ2 is related to carrier trapping and release due to the oxygen
vacancy defects in the amorphous films. The curves can be well
fitted, with the response time (τr) of 0.34 s and the decay time
(τd) of 3.65 s.
To comprehend the microscopic mechanism of the self-

powered characteristic of the NiO/Ga2O3 p−n junction, the
energy band structure is explained by X-ray photoelectron
spectroscopy (XPS) measurement. According to the relation
presented by Kraut,44 the valence band offset (VBO) at the
NiO/Ga2O3 p−n junction can be calculated by

E E E E E

E E

( ) ( )

( )

V Ni 2p
NiO

VBM
NiO

Ga 2p
Ga O

VBM
Ga O

Ga 2p
NiO/Ga O

Ni 2p
NiO/Ga O

3/2 3/2

2 3 2 3

3/2

2 3

3/2

2 3

Δ = − − −

+ −

E E E E( )C g
Ga O

g
NiO

V
2 3Δ = − − Δ

where ΔEV = VBO and conduction band offset ΔEC = CBO.
Eg
Ga2O3 is the band gap of Ga2O3 (4.80 eV) and Eg

NiO is the band
gap of NiO (3.60 eV), which can be seen from Figure 2b,c,
respectively. ENi 2p3/2

NiO and EGa 2p3/2
Ga2O3 are determined by the NiO

films and Ga2O3 films, respectively. EGa 2p3/2
Ga2O3/NiO and ENi2p3/2

Ga2O3/NiO

are determined by the NiO/Ga2O3 p−n junction. As shown in
Figure 5, ENi 2p3/2

NiO and EVBM
NiO of the NiO films are 854.98 and

0.54 eV, respectively, and EGa2p3/2
Ga2O3 and EVBM

Ga2O3 of the Ga2O3 films
are 1117.56 and 4.69 eV, respectively. Subsequently, by the
following formulas

E E E( )Ni 2p VBM
NiO

Ni 2p
NiO

VBM
NiO

3/2 3/2
= −−

E E E( )Ga 2p VBM
Ga O

Ga 2p
Ga O

VBM
Ga O

3/2

2 3

3/2

2 3 2 3= −−

The separation energies between the core level and the valence
band maximum (VBM) can be calculated as follows:
ENi2p3/2−VBM
NiO is 854.44 eV and EGa2p3/2−VBM

Ga2O3 is 1112.87 eV.
Figure 6 reveals the Ga 2p and Ni 2p core-level spectrum of

the NiO/Ga2O3 p−n junction. The value of EGa2p3/2
NiO/Ga2O3 is

1117.08 eV and that of ENi2p3/2
NiO/Ga2O3 is 855.63 eV. Therefore, the

energy discrepancy between the Ga 2p3/2 and Ni 2p3/2 core

levels is 261.45 eV, which can be calculated by the following
formula

E E E( )Ga 2p Ni 2p
NiO/Ga O

Ga 2p
NiO/Ga O

Ni 2p
NiO/Ga O

3/2 3/2

2 3

3/2

2 3

3/2

2 3Δ = −−

According to the above results, we can calculate the VBO value
to be ΔEV = 3.02 eV.
Based on the values of Eg

Ga2O3 = 4.80 eV and Eg
NiO = 3.60 eV,

the value of ΔEC for the NiO/Ga2O3 p−n junction can be
calculated to be 1.82 eV. As shown in Figure 6b, a type II band
alignment occurs between the NiO/Ga2O3 p−n junction,
which is consistent with the previous literature.36,37,45

With the widespread application of the UV photodetectors,
the application environment of the device becomes more
complex and changeable. In particular, for detecting a solar-
blind UV light signal, photodetectors often need to work under
the environment of an extremely low air density. Under-
standing the performance of the photodetectors under
different atmospheres is of great significance to not only
improve their stability and accuracy but also expand their
application scenarios. Herein, the performances of a photo-
detector in the environments of air, oxygen, and vacuum have
been measured. As shown in Figure 7a, the photocurrent of the
NiO/Ga2O3 p−n junction photodetector increases as the test
environment changes from low oxygen to high oxygen.
Compared with the pure oxygen environment, the oxygen
content in the atmosphere is less and so the photocurrent gain
effect is not obvious. The maximum photocurrent value of
31.78 nA is observed under the oxygen environment. In the
oxygen atmosphere, the surface defects like oxygen vacancies
on the Ga2O3 films absorb numerous O2 molecules to form O2

−

molecules [O2 + e− → O2
−]. When the films are exposed to

light irradiation, the photogenerated holes migrate and
recombine with O2 molecules on the surface of the films.
The unpaired electrons left behind in the films contribute to
the photocurrent. Figure 7b,c shows the responsivity and
detectivity of the photodetector. The maximum responsivity
(147 μA/W) and detectivity (1.68 × 1010 jones) were obtained
in the oxygen atmosphere. Figure 7d shows the photoresponse
and their fitting curves. The rise and decay times of the
photodetector are 0.69/3.95, 0.34/3.65, and 0.20/2.51 s,
corresponding to the environments of oxygen, air, and vacuum,
respectively. The slow photoresponse in the oxygen atmos-
phere is caused by the adsorption and desorption of charges by
O2. Table 1 lists the comparison of the main parameters of our
all-oxide NiO/Ga2O3 p−n junction photodetector and other
UV photodetectors. This is the first report of a self-powered
UV photodetector, based on the NiO/Ga2O3 p−n junction,
being prepared at room temperature and consisting of all-oxide
semiconductors.46,47 Compared with the crystalline photo-

Figure 5. (a) Ni 2p and (b) Ga 2p core-level and valence band
spectra for NiO and Ga2O3, respectively.

Figure 6. (a) Ga 2p and Ni 2p core levels for the NiO/Ga2O3 p−n
junction. (b) Schematic representation of the band alignment at the
NiO/Ga2O3 p−n junction interface.
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detectors, which need to be prepared at high temperatures, all-
oxide semiconductors photodetector in our work exhibit a lot
of advantages such as easy preparation, low cost, and wide
potential applications in flexible and wearable devices.46,47 It is
worth mentioning that the all-oxide NiO/Ga2O3 p−n junction
is a potential structure for the self-powered photodetector, and
the performance of the device will be greatly improved by
optimizing the manufacturing parameters.

■ CONCLUSIONS
In summary, we fabricated a self-powered photodetector based
on the all-oxide NiO/Ga2O3 p−n junction using a RF
magnetron sputtering on the c-plane (0001) Al2O3 substrate
at room temperature. The p−n junction exhibits an emblem-

atic rectification characteristic. Thanks to the large built-in
electric field, the photogenerated electron−hole pairs could be
separated rapidly without any external power supply. The
fabricated photodetector exhibits a fast response of 0.34/3.65 s
(τr/τd), an Ilight/Idark ratio of 122, and a responsivity of 57 μA/
W when exposed to a 254 nm irradiation at 0 V. Also, these
results can broaden the development of self-powered UV
photodetectors.

■ EXPERIMENTAL SECTION
Fabrication and Characteristics of the NiO/Ga2O3 p−n

Junction. First, a 4 μm thick NiO film was deposited on the c-
plane (0001) Al2O3 substrate by magnetron sputtering with a Ni
target. The RF power was set at 300 W. An Ar/O2 mixture gas with a
24/16 ratio and an atmospheric pressure of 2.0 Pa were the sputtering
atmosphere. Second, the Ga2O3 thin films were deposited on the NiO
films by RF magnetron sputtering from a Ga2O3 ceramic target. The
RF power was set at 200 W. The working pressure and Ar gases flow
rate were 1.0 Pa and 10 sccm, respectively. The chamber base
pressure was 3.0 × 10−4 Pa, and all of the sputtered films were
prepared at room temperature. X-ray diffraction (XRD) and field
emission scanning electron microscopy (FE-SEM) were used to
characterize the as-grown thin film morphology and crystallinity,
respectively. A Hitachi U-3900 UV−vis spectrophotometer was used
to analyze the ultraviolet−visible (UV−vis) absorption spectrum. X-
ray photoelectron spectroscopy (XPS) was used to characterize the
element content.

Preparation and Characterization of the Photodetector
Based on the NiO/Ga2O3 p−n Junction. Graphene with an area of
0.5 cm2 was transferred to the surface of Ga2O3 to act as a transparent
conductive electrode. Then, a ∼2 mm diameter point Ag electrode
was deposited on both graphene and NiO films to construct a
photodetector. The devices’ current−voltage (I−V) property and the
time-dependent photoresponse feature were measured by Keithley
4200. All tests were carried out at room temperature.
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