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a  b  s  t  r  a  c  t

A novel  self-powered  solar-blind  ZnGa2O4 ultraviolet  (UV)  photodetector  has  been  constructed  by  fab-
ricating  asymmetric  pairs  of  Au  Schottky  electrodes  on  the  ZnGa2O4 film.  The current-voltage  curve  of
the  device  exhibits  an  obvious  rectifying  characteristic  with  a rectification  ratio  of 11.3  at  ±8  V.  At  0 V
bias,  the peak  responsivity  of  our  device  at  246  nm  is  about  22.2  mA/W  with  an  UV–vis  rejection  ratio  of
1.3×104, indicating  the  excellent  self-powered  solar-blind  UV  photodetector  performance.  More  inter-
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estingly,  the  rise  time  and  decay  time  of the  device  are  only  10 ns  and  30 ns,  respectively,  which  are  much
faster  than  that of any  other  previously  reported  self-powered  solar-blind  UV  photodetectors  to  the  best
of our  knowledge.  The  ultra-fast  response  speed  of  the  device  should  be  attributed  to  the  asymmetric
Schottky  junctions  and  the high  crystalline  quality  of our  ZnGa2O4 film  with  low  trap  density.  Our  work
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Ultra-fast response speed
Asymmetric electrode

provides  a new  method  t

1. Introduction

Solar-blind ultraviolet (UV) photodetectors based on wide
bandgap semiconductors (ZnMgO, AlGaN, diamond, Ga2O3,
Zn2GeO4, ZnGa2O4, etc.) have drawn widespread attention due to
their extensive applications in various fields, such as flame moni-
toring, missile warning, environmental monitoring, biological and
chemical analysis, optical communication, space research and so
on [1–8]. With the development of optoelectronic integration tech-
nology, there is an urgent need for high-performance UV detection
devices with low energy consumption and high response speed.
Therefore, the solar-blind UV photodetectors based on p-n junc-
tion and Schottky junction have been extensively explored due to
the fact that they can work without external power source (known
as “self-powered”) and have inherent advantages in sensitivity and
response speed [9–13]. Unlike a p-n junction photodiode (a minor-
ity carrier device), a Schottky photodiode is known as a majority
carrier device, which gives it a significant advantage in terms of

response speed. In addition, the Schottky devices do not require
p-type doping, which is extremely difficult for wide bandgap semi-
conductors [14–18]. Up to now, most of the reported self-powered
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structing  high-performance  self-powered  solar-blind  UV  photodetectors.
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chottky solar-blind UV detectors were based on vertical struc-
ures, and considerable progress has been achieved [19–22]. In
articular, the responsivity of Au/ZnMgO/ZnO:Al vertical schot-
ky photodide at 266 nm can reach as high as 55 mA/W at 0 V
ith the rise and decay times of 0.02 ms  and 0.3 ms,  respectively

22]. In addition, the planar Schottky photodiode through differ-
nt metal electrodes(one is an Ohmic contact and the other is a
chottky contact) was  also demonstrated on diamond, which can
e operated without any power supply. [23]. However, for these
ertical and planar type Schottky photodetectors, both high-quality
hmic and Schottky contacts are needed to the same semiconduc-

or layer, which increases the difficulty in the preparation process.
n addition, the response speed of the reported Schottky junc-
ion solar-blind UV photodetectors are still far from ideal, which is
ommonly considered to depend on the product of resistance and
apacitance and the defect traps. Recently, a novel self-powered
V photodetectors based on an asymmetric metal-semiconductor-
etal (MSM)  structure (one metal interdigitated electrode with
ide fingers and the other one with narrow fingers) has been first
emonstrated on ZnO film by our group [24], and this idea was
ubsequently taken up by other researchers [25–28]. Compared
ith the conventional Schottky junction photodetectors, this novel
symmetric MSM  photodetector has many special advantages, such
s the simpler fabrication process, lower capacitance and weaker
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light absorption by electrode, which could in turn result the higher
responsivity and faster response speed.

In recent years, wide bandgap ternary oxides, such as In2Ge2O7
[29], Zn2GeO4 [6,30] and ZnGa2O4 [7,31], have received more and
more attention in the fields of UV photodetection due to their tun-
able superior performance by altering the compositions. Among
these ternary oxides, ZnGa2O4 with a spinel structure has a wide
bandgap of about 4.6–5.2 eV [32], directly corresponding to the
solar-blind UV detection band with wavelength less than 280 nm.
Unfortunately, almost all the reported ZnGa2O4 solar-blind pho-
todetectors were based on the traditional MSM  structure, which
cannot work without an external power supply [33–35]. In addi-
tion, although these devices demonstrated excellent performance
in terms of responsivity, their response speed was  not ideal. In this
work, we constructed a self-powered solar-blind ZnGa2O4 pho-
todetector based on asymmetric pair of Au Schottky electrodes. The
current-voltage (I–V) curve of this novel self-powered solar-blind
ZnGa2O4 photodetector exhibits an obvious rectifying character-
istic with a rectification ratio of 11.3 at ±8 V. At 0 V bias, the
peak responsivity of our device at 246 nm is around 22.2 mA/W
with an UV–vis rejection ratio of 1.3×104, suggesting the excel-
lent self-powered solar-blind UV photodetector performance. More
interestingly, the rise time and decay time of the device are only
10 ns and 30 ns, respectively. To the best of our knowledge, our
ZnGa2O4 photodetector has the fastest response speed among the
reported solar-blind photodetectors. Our findings in this work open
up new ways to achieve high-performance self-powered solar blind
UV detectors.
2. Experimental section

The ZnGa2O4 film was epitaxially grown on c-face sapphire
substrates by metal-organic chemical vapor deposition (MOCVD).
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Fig. 1. (a) XRD pattern, (b) XRD rocking curve for (222) plane, (c) SEM images of surface an
film. The inset of (d) shows a plot of (˛h�)2 as a function of photon energy (h�).
 Actuators A 315 (2020) 112354

iethylzinc (DEZn), trimethylgallium (TMGa) and high-purity oxy-
en gas were used as the zine, gallium and oxygen precursors,
espectively. High-purity nitrogen gas was selected as the carrier
as. The film was grown at a substrate temperature of 850 ◦C with

 chamber pressure of 23 Torr. The flow rates of DEZn, TEGa, and
xygen were kept at 20, 40 and 300 sccm, respectively. After the
pitaxial growth of ZnGa2O4, the asymmetric Au interdigital elec-
rodes were fabricated on the film by using the photolithography
nd lift-off technique to form MSM  UV photodetector.

The optical, structural and morphology properties of ZnGa2O4
lm were characterized by adopting an UV-3101PC scanning spec-
rophotometer, a Bruker D8GADDS X-ray diffractometer (XRD)
ith Cu K� as the radiation source (� =0.154 nm), and a scanning

lectron microscope (SEM) (HITACHI S-4800). The I–V curves and
ime-dependent photocurrent (I-t) curves of the device were mea-
ured by a semiconductor device analyzer (Agilent B1500A). The
ransient response and spectral response of the device were mea-
ured by using an oscilloscope and a Nd:YAG laser (246 nm) and a
00 W UV-enhanced Xe lamp with a monochromator, respectively.

. Results and discussion

Fig. 1(a) shows the XRD pattern of ZnGa2O4 film. In Fig. 1(a),
esides the diff ;raction peak from the c-plane sapphire substrate
t 41.68◦, three diff ;raction peaks at 18.50◦, 37.48◦, and 57.57◦

an be clearly obtained, corresponding to (111), (222) and (333)
rystal facets of spinel ZnGa2O4 (JCPDS No. 38-1240), respectively.
bviously, the (111) is the preferred gr3own orientation of the
nGa2O4 film on c-Al2O3, which is consistent with the previous

eports [36,37]. To further study the crystal quality of the ZnGa2O4
lm, the XRD rocking curve for the (222) plane of the sample was
haracterized as shown in Fig. 1(b). The full width at half maxi-
um (FWHM) of the peak is only 0.045◦, which is much narrower

d cross-sectional morphologies and (d) optical transmission spectrum of ZnGa2O4
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Fig. 2. (a) Schematic illustration of the self-powered solar-blind ZnGa2O4 MSM pho-
todetector. (b) SEM image of asymmetric Au electrodes. (c) I-V characteristics of the

v
w
�
i
t
o
a
�
a
t
S
r
n
[
t
t
i

M
a
t
p
r
E
g
e
M
w
m
w
a
s
d
t

d
a
t
r
b
s
d
s
r
t
[

R

w
l
A
r
w
o
c

b
l
n
a
fi
cut-off edge suggests that the device has excellent intrinsic solar-
device in dark and under 254 nm UV light illumination with an intensity of 1200
�W/cm2. The inset of (c) is the enlarged I-V characteristics near 0 V bias.

than that of the previously reported ZnGa2O4 [38,39], indicating the
higher crystalline quality of our ZnGa2O4 film. Fig. 1(c) presents
the SEM images of surface and cross-sectional morphologies of
ZnGa2O4 film. As shown in Fig. 1(c), the surface of ZnGa2O4 film
is relatively flat overall, and some granular structures can be found
on the surface. And the thickness of ZnGa2O4 film can be estimated
to be about 200 nm by the cross-sectional SEM image (see the inset
of Fig. 1(c)). Fig. 1(d) indicates the optical transmission spectrum of
ZnGa2O4 film, and it can be found that the average transmittance
of the sample is over 90 % in the spectral range from 300 nm to
800 nm.  In addition, a very shape absorption edge can be clearly
obtained at about 245 nm in the absorption spectrum, and the cor-
responding bandgap of the ZnGa2O4 film is ∼5.20 eV, as shown in
the set of Fig. 1(d).
Fig. 2(a) shows the schematic illustration of the self-powered
solar-blind ZnGa2O4 MSM  photodetector. 12 pairs of asymmetric
interdigital Au electrodes (50 nm thick) were defined by a con-
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entional photolithography and lift-off technique. The widths of
ide Au electrode and narrow Au electrode are 100 �m and 6
m, respectively, with 8 �m gap and 500 �m length, as shown

n Fig. 2(b). To investigate the electrical and optoelectrical proper-
ies of the device, I–V characteristics measurements were carried
ut on the asymmetric ZnGa2O4 MSM  photodetector both in dark
nd under 254 nm UV light illumination with an intensity of 1200
W/cm2. The forward bias direction of the device is defined as the
pplication of forward voltage to the narrow Au electrode. As illus-
rated in Fig. 2(c), the contact between Au and ZnGa2O4 is a typical
chottky contact, and an obvious rectifying characteristic with a
ectification ratio of 11.3 at ±8 V can be observed in dark. This phe-
omenon is in good agreement with our previously reported result
24]. In addition, the self-powered operations are observed from
he enlarged I–V curves (inset of Fig. 2(c)) with an obvious pho-
ocurrent at zero bias under 254 nm UV light illumination with an
ntensity of 1200 �W/cm2.

The photoresponse of the self-powered solar-blind ZnGa2O4
SM  photodetector to 254 nm light illuminations has been system-

tically investigated by varying the power densities from 2 �W/cm2

o 1200 �W/cm2 at 0 V bias, as shown in Fig. 3(a). Obviously, the
hotodetector has a good ON/OFF switching performance with high
eproducibility and stability under different light power densities.
ven under low-intensity (2 �W/cm2) light, our device still has
ood stability and obvious photocurrent (∼0.04 nA), showing the
xcellent detection performance in solar-blind UV region [31,40].
eanwhile, the rise and decay times of the device were very short,
hich even exceeded the measuring limit of a test apparatus (40
s). Moreover, the similar good ON/OFF switching performance
ith high reproducibility and stability was  also observed at 5 V

nd −5 V bias under 254 nm UV light illumination with an inten-
ity of 1200 �W/cm2 as shown in Fig. 3(b) and (c), respectively. The
ifference in photocurrent values of the device at ±5  V is caused by
he asymmetric pairs of Au Schottky electrodes.

Fig. 3(d) shows the photocurrent and the responsivity of the
evice under 254 nm illuminations with different light intensities
t 0 V bias. As the incident light intensity increases, the pho-
ocurrent increases linearly. According to the previous reports, the
elationship between the photocurrent and the light intensity can
e described by a power law, Iph∝ P˛, where P is the light inten-
ity and  ̨ reflects the photocurrent efficiency [10]. By fitting the
ata, the  ̨ can be estimated to be 0.97, which is very close to 1,
uggesting the low trap density in the ZnGa2O4 film [12,41]. The
esponsivity of the device is an important parameter of photode-
ector performance, which was calculated by the following formula
42]:

=(Iphoto − Idark)/PS

here Iphoto is the photocurrent, Idark is the dark current, P is the
ight intensity, and S is the effective area (the gap between the
u metal fingers) under irradiation. As shown in the Fig. 3(d), the
esponsivity decreases slightly with increasing the light intensity,
hich may  be related to the relatively higher recombination rate

f photogenerated carriers generated under stronger light intensity
onditions [43].

Fig. 3(e) shows the spectral response of the self-powered solar-
lind ZnGa2O4 MSM  photodetector at 0 V bias with y axis in

ogarithmic scale. Obviously, the peak responsivity occurs at 246
m with -3 dB cut-off wavelength of 254 nm, which is in good
greement with the UV–vis transmission spectrum of the ZnGa2O4
lm. Only 8 nm difference between the response peek and -3 dB
lind photodetection characteristics. The peak responsivity at 246
m can reach to 22.2 mA/W.  Moreover, the UV–vis rejection ratio,
efined as the ratio between the peak responsivity and responsiv-
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Fig. 3. (a) Time-dependent photocurrent characteristics of the self-powered solar-blind ZnGa2O4 MSM  photodetector under 254 nm illuminations with different light
intensities from 2 to 1200 �W/cm2 at 0 V bias. The inset of (a) is the enlarged I-tcurves under the corresponding illumination conditions. (b) Time-dependent photocurrent
characteristics of the device at 5 V bias under 254 nm UV light illumination with an intensity of 1200 �W/cm2. The inset of (b) is the schematic diagram of the power supply
connections of the device at 5 V bias. (c) Time-dependent photocurrent characteristics of the device at -5 V bias under 254 nm UV light illumination with an intensity of 1200
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�W/cm2. The inset of (c) is the schematic diagram of the power supply connections
254  nm illuminations with various light intensities at 0 V bias. (e) The spectral resp
in  logarithmic scale.

ity at 400 nm,  is up to 1.3×104. The Noise Equivalent Power (NEP)
is the common metric that quantifies a photodetector’s sensitiv-
ity (the detection limit) [44–49]. NEP defines the incident optical
power required to obtain a signal-to-noise ratio (SNR) of 1, and it
can be estimated by the following formula [50,51]:

NEP =
√

4kT�f /R0/R

where k is the Boltzmann’s constant, T is the temperature, �f
(commonly 1 Hz) is a specified bandwidth, and R0 is the differ-
ential resistance. Under 0 V bias and at room temperature, the NEP
of the self-powered solar-blind ZnGa2O4 photodetector is around
3.1×10-15 W/

√
Hz.

Response time is another vital performance parameter for pho-

todetectors. To precisely measure this parameter, the rise and decay
times of the photodetector were measured using an oscilloscope
and a 246 nm wavelength pulsed laser source. Fig. 4(a) shows the
schematic diagram of the experimental setup used to measure the

t
r
t
U

 device at -5 V bias. (d) The photocurrent and the responsivity of the device under
f the self-powered solar-blind ZnGa2O4 MSM photodetector at 0 V bias with y axis

esponse time of ZnGa2O4 photodetector. The laser pulse width and
he frequency are 10 ns and 10 Hz, respectively. Fig. 4(b) shows the
ransient photoresponse of the self-powered solar-blind ZnGa2O4

SM  photodetector at 0 V bias. As shown in Fig. 4(b), the photore-
ponse of our self-powered device is very fast, highly stable and
eproducible. The rise and decay times, defined as the time for the
urrent from 10 % to 90 % and from 90 % to 10 % of the peak value, can
e estimated to be about 10 ns and 30 ns, respectively (see Fig. 4(c)).

n this work, the rise time should be limited by the pulsed width
f the laser. And the asymmetric Schottky junctions and the high
rystalline quality of our ZnGa2O4 film with low trap density can
e responsible for the short decay time.

Table 1 summarizes the performance parameters of the reported

ypical self-powered solar-blind photodetectors. Obviously, the
esponse speed of our device (tr =10 ns, td = 30 ns) is much faster
han that of any other previously reported self-powered solar-blind
V photodetectors. Additionally, the UV–vis rejection ratio and
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Table  1
The performance parameters of the reported typical self-powered solar-blind photodetectors.

Devices Structure Rise time/Decay time Peak responsivity at 0 V (Rp) Cut-off wavelength Rejection ratio (Rp/R400) Ref.

�-Ga2O3/NSTO Heterojunction 0.21 s/0.07 s 2.6 mA/W @ 254 nm – – [52]
ZnO/Ga2O3 Heterojunction 100 �s/900 �s 9.7 mA/W @ 251 nm 266 nm 6.9×102 [15]
Polyaniline/MgZnO Heterojunction <0.3 s/<0.3 s 0.16 mA/W @ 250 nm 271 nm ∼104 [16]
MoS2/�-Ga2O3 Heterojunction -/- 2.05 mA/W @ 245 nm 260 nm 1.6×103 [53]
Diamond/�-Ga2O3 Heterojunction -/- 0.2 mA/W @ 244 nm 270 nm 140 [17]
�-Ga2O3/Polyaniline Heterojunction 0.34 ms/8.14 ms 21 mA/W @ 246 nm 272 nm 3×102 [18]
Au/ZnMgO/ZnO:Al Schottky junction 0.02 ms/0.3 ms  55 mA/W @ 26
Au/�-Ga2O3 Schottky junction 1 �s/64 �s 0.01 mA/W @ 

Au#1-ZnGa2O4-Au#2 asymmetric MSM  10 ns/30 ns 22.2 mA/W @ 

Fig. 4. (a) Schematic diagram of our experimental setup for measuring the response
time of the ZnGa2O4 photodetector. (b)Transient photoresponse of the self-powered
solar-blind ZnGa2O4 MSM  photodetector at 0 V bias under illumination of a Nd:YAG
laser with a wavelength of 246 nm. (c) A single normalized cycle response of the
device.
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5 nm 283 nm – [22]
258 nm 270 nm 38 [19]
246 nm 254 nm 1.3×104 This work

he peak responsivity of our device are higher than that of most
eported self-powered solar-blind UV photodetectors at 0 V. It is
orth noting that the asymmetric interdigital ZnGa2O4 photode-

ector has an excellent repeatability. Different devices fabricated
y the same process showed the similar self-powered solar-blind
hotodetection performance.

. Conclusions

In summary, a novel self-powered solar-blind UV  photodetec-
or was first constructed on ZnGa2O4 film. A typical photovoltaic
haracteristic can be observed in the device at 0 V bias through a
imple fabrication of the asymmetric pairs of Au planar electrodes.
he I–V curve of this ZnGa2O4 photodetector exhibits an obvious
ectifying characteristic with a rectification ratio of 11.3 at ±8 V.
t 0 V bias, the response peak with a responsivity of 22.2 mA/W is
ituated at 246 nm with a -3 dB cut-off edge at 254 nm.  And the
V–vis rejection ratio of our device is up to 1.3×104, indicating the
evice is a self-powered solar-blind UV detection with outstanding
erformance. Moreover, the rise time and decay time of the device
re about only 10 ns and 30 ns, respectively, which are much faster
han that of any other previously reported self-powered solar-blind
V photodetectors. Our work in this paper provides a new method

o constructing high-performance self-powered solar-blind pho-
odetectors.
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