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Gallium oxide semiconductor, with a bandgap energy of 4.9 eV, is regarded as a hopeful candidate for
next-generation solar-blind photodetectors. However, the construction of photodetector based on Ga03
pn junction is still challengeable due to immature doping technology of p-Ga0s. By considering the
small lattice mismatch ( <3%) and similar band gap structure of a-Ga;03 and ($-Ga0s3, a well-designed
solar-blind photodetector was built, based on vertical «/6-Ga;03 junction nanorod arrays (NRAs) with
a graphene-silver nanowires (Ag NWs) hybrid top electrode. Thanks to the high conductivity and optical
transmittance of graphene-Ag NWs top electrode, the photodetector based on «/3-Ga,03 junction NARs
displayed excellent photoelectric performance. Meanwhile, the matched band structure of II type
formed at the interface of «/$-Gay0O3 junction promoted the automatic separation of photogenerated
carriers and their transfer to the corresponding electrodes. A fast photoresponse time of 0.54 s, a high
light-to-dark ratio about 2000, and a high rejection ratio (Ras4/R3es) of 2.7 x 10% under the zero bias,
were realized. The excellent photoelectrical performance of a/8-Ga;0O3 junction photodetector even in
vacuum environment forecasts its potential application in some low air density fields, such as missile
early warning and tracking and ozone hole monitoring.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

photodetectors toward more energy-saving, miniaturization, and
high efficiency [8—11], Ga;03 self-powered photodetectors, based

Gallium oxide (Ga;03) semiconductor, with a bandgap energy of
4.9 eV, isregarded as a hopeful candidate for next-generation solar-
blind photodetectors [1—3]. Owing to their high photosensitivity
and high accurate alarm rate, Ga;Os-based solar-blind photode-
tectors attract much attention in military and civilian fields, such as
fire early warning and monitoring, solar-blind communication,
missile early warning and tracking, ultraviolet monitoring, ozone
hole detecting, and so on [4—7]. For meeting the demand of the
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on the Schottky junctions [12,13], heterojunctions [14—17], and pn
junctions [18—21], have been developed rapidly, which can work
continuously without external power supply. Although these
photodetectors exhibit appropriate photoelectric performance,
there are still some constraints that affect the further improvement
of device performance: (1) The low light transmission of the metal
upper electrode and the complex preparation process of Schottky
contact for Schottky-type devices [22]; (2) Photosensitivity to the
nonsolar-blind region on account of the narrower bandgap of the
heterojunction materials and the Ilattice mismatch for
heterojunction-type and pn junction-type devices [23—27]. For
example, according to our previous report, the self-powered
photodetector based on GaN/Sn:Gay03 pn junction exhibited an
ultrahigh responsivity to the solar-blind light (ultraviolet C,
200—-280 nm) [28], but it was also photosensitive to the ultraviolet
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A (320—420 nm) with a maximum wavelength of 370 nm. In order
to further improve the device performance, an ideal homogenous
pn junction structure for GayOs3 solar-blind photodetectors was
suggested [29,30]. However, the immature doping technology of p-
Gay0s is still the barrier for avoiding the self-compensation process
[31-34].

Considering the various crystal structure of Ga;0s3 («, 8, v, 9, €),
a desirable solution to solve the problems existed in the hetero-
junction photodetectors is to construct a-Ga;03/3-Ga;03 junction
because a-Ga03 and (-Ga,03 have small lattice mismatch ( < 3%)
and similar bandgap [35—41], which is useful for promoting
automatic separation of photogenerated carriers at the a/3-Gay03
junction and their further transfer to the corresponding elec-
trodes [42,43]. Herein, we propose a self-powered solar-blind
photodetector based on vertical «/$-Ga;03 junction NRAs. The
one-dimensional vertical NRAs can provide large surface, low
optical reflectivity, and efficient coupling with incident light for
photodetector [44,45]. Furthermore, a monolayer graphene-silver
nanowires (graphene-Ag NWs) hybrid film with high electric
conductivity and optical transparency is used as a top electrode of
the solar-blind photodetector. The «/3-Ga;Os junction NRAs
photodetector with graphene-Ag NWs hybrid top electrode
shows a responsivity (R) of 0.26 mA/W within 0.54 s under the
irradiation of 254 nm light at O V bias. The built-in electric field of
a/f-Gap03 phase junction promotes the separation of photo-
generated carriers, which significantly enhances the spectral
selectivity and the rejection ratio (Ras4/R3es5) of the junction
photodetector up to 2.7 x 103 without significant degradation of
the performance even in a vacuum environment. This indicates its
potential application as the commercialized space warning
detector.

2. Method
2.1. Preparation of o/3-Gay;0O3 NRAs

The FTO substrates were placed in Ga(NO3)3-9H,0 and heated at
150 °C for a night to get GaOOH NRAs. Then the as-prepared GaOOH
NRAs were converted into the a/$-Ga,03 after annealed at 400 °C
for 4 h and annealed at 700 °C for 10 min. After the growth, the
sample was washed by DI water and dried in air at 80 °C. The
detailed process has been described in our previous report
[7,46—49].

2.2. Device fabrication

A 0.5 cm x 1 cm graphene film grown on Cu foil was transferred
onto a/3-Gap03 NRAs by the wet transfer method. The CVD grown
Cu/graphene film was purchased from Nanjing Muke Nano Tech-
nology co., Ltd. Then, 200 pL of 0.4 mg/mL Ag NWs alcoholic so-
lution was dropped onto the NRAs as an upper electrode with the
aid of a shadow mask. Finally, a small circular silver electrode

(0.05 x 0.05 cm? ) is deposited on the corner of the graphene-
silver nanowires hybrid film as the connection point of the
external circuit.

2.3. Characterization and measurement

The morphologies of a/3-Ga,03 NRAs and graphene-Ag NWs
were observed by a scanning electron microscope (SEM, JSM-
5610LV). A Hitachi U-3900 UV—vis spectrophotometer was used
to test the transmittance of the sample. Current—voltage (I-V)
characteristics and time-dependent photoresponse (I-T) of the
photodetector were measured by Keithley 4200 device.

3. Results and discussion

The fabrication process of a/3-Ga;03 phase junction NRAs based
self-powered solar-blind photodetector with graphene-Ag NWs
hybrid film top electrode is schematically illustrated in Fig. 1. First,
«/(-Ga03 phase junction NRAs were grown on FTO substrates by
hydrothermal method, calcination, and followed by post-annealing
treatment at 700 °C for 10 min. The detailed process has been
described in our previous report. Second, in order to achieve a
large-detective-area, a 0.5 x 1 cm? monolayer graphene film grown
by CVD was transferred onto «/3-Ga;03 NRAs by the wet transfer
method. Then, an alcoholic solution contained with a few silver
nanowires is dropped on graphene film with the aid of a shadow
mask. Finally, a small circular silver electrode ( 0.05 x 0.05 cm? ) is
deposited on the corner of the graphene-silver nanowires hybrid
film as the connection point of the external circuit.

Fig. 2a shows the morphology of the NRAs, which present an
average length of about 1.2 um grown vertically on FTO substrates.
The NRAs arrange tightly and exhibit the diamond-shaped tip with
the average diagonal lengths from 150 nm to 300 nm (Fig. 2b) due
to the orthorhombic structure of GaOOH NRAs of the raw material.
The top view FESEM images of the graphene- Ag NWs hybrid film
fabricated on «/6-Gay03 NRAs is presented in Fig. 2c and d. The
hybrid film covers the top of the «/$-Ga;03 NRAs smoothly and
tightly, meaning that good contact has been formed. However,
inevitable cracks and holes appear in the monolayer graphene film
during the wet transfer process. The introduction of Ag NWs in the
monolayer graphene film can provide a two-dimensional con-
ducting channel to ensure the high conductivity of the top elec-
trode. The characterization of monolayer graphene film is also
shown in the supporting information. The Raman spectrum of the
as-grown graphene shows 2D and G bands located at 2675 cm™!
and 1583 cm~! and the D bands at around 1383 cm™~' due to the
existence of defects in the graphene film (Fig. S1a). The peak in-
tensity ration Ig/lop < 0.5 indicates the nature of the monolayer
graphene film [50]. The diameter of the Ag NWs used here is
around 150 nm, and their lengths reach several tens to hundreds of
micrometers (Fig. S1b).

The solar-blind photoelectric performance of a/8-Gay03 junc-
tion NRAs photodetector was investigated under the irradiation of
ultraviolet light with a wavelength of 254 nm. The [-V curves of the
photodetector are nonlinear and asymmetric (Fig. 3a), which
display an off-state current at the reverse bias and an on-state
current at the forward bias. At the bias of 0 V, the current is
1.72 nA in the dark and increases to 211.07 nA under a 254 nm light
illumination with the intensity of 3000 pW/cm?, exhibiting a self-
powered characteristic. The typical photovoltaic characteristics
are clearly observed from the enlarged I-V curves of a/3-Gay03
phase junction photodetector near zero bias (the inset of Fig. 3a).
The open-circuit voltage and the short-circuit current under
254 nm light (intensity of 1600 tW/cm?) are 0.01 V and 8.71 nA,
respectively, which further increase with the increasing light in-
tensity. In order to evaluate the effect of light intensity on the
photodetector, I-t measurements are performed under 254 nm
light with different light intensity (Fig. 3b). Notably, the photocur-
rent increases linearly from 12.21 nA to 211.07 nA as the light in-
tensity increases from 100 to 3000 pW/cm?. At a higher light
intensity, a higher photocurrent is originated from more photo-
generated electron-hole pairs produced by the light absorption
layer. The responsivity (R) is usually regarded as an important
parameter to evaluate the sensitivity of the photodetector, which
can be calculated by formula R = (Ippoto — Idar)/(PS), where Iypor0 and
Iqark is the photocurrent and dark current, respectively, P is the
supplied light intensity, and S is the effective area of the photode-
tector. The R of the photodetector decreases from 0.26 mA/W to
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Fig. 1. Scheme of o/3-Ga,03 NRAs hybrids-based photodetector with graphene-Ag NWs hybrid top electrode.
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Fig. 2. (a) The cross-section of f-Ga,03; NRAs grown on the FTO substrate; (b) The top views of SEM images of «/(-Ga,03 NRAs; (c) and (d) The SEM and edge view of graphene-Ag

NWs top electrode.

0.14 mA/W as the light intensity increases from 100 to 3000 pW/
cm?, as shown in Fig. 3c, owing to the increased possibility of
recombination of photogenerated electron-hole pairs at a higher
intensity light [58]. The detection ability to weak light is another
important index for a photodetector, which is usually measured by
detectivity (D). The D decreases with the increase of light intensity
and achieves a maximum value of 2.8 x 10° cm Hz'> W~ at the
light intensity of 100 yW/cm?, as shown in Fig. 3d. To further assess
the photoelectricity performance of the photodetector, the effect of
bias voltage on the photoresponses of «/$-GaO3 NRAs-based
photodetector is studied, and the curves are shown in Fig. 3d.
Owing to the faster drift velocity and more carriers releasing from
oxygen vacancy traps at higher bias, the dark current increases
rapidly from 1 nA to 2 pA with the increase of voltage from0to 1 V.
Meanwhile, the photocurrent also increases with the increasing
applied bias due to the more effective separation of photogenerated
electron-hole pair. For calculating the response speed of the
photodetector, the fitting curve is shown in Fig. 3f. The constant 74
is related to the rapid change of the carrier concentration when the
UV light is turned on/off, and 7 is related to carrier trapping and

releasing due to the oxygen vacancy defects in the nanorods. The «/
(-Gap03 phase junction photodetector shows a fast response speed
with a rise time of 0.54 s (7;1). To further evaluate the spectral
selectivity of the device, the performance of the «/$-Ga;03 NRAs
photodetector under 365 nm light irradiation are measured
(Fig. S2). The rejection ratio (R254/R365) of the device at 0 V bias can
reach up to 2.7 x 103, which hints at a high spectral selectivity of
the solar-blind region. The performance is comparable to many
reported Gap03-based photodetectors listed in Table 1.

The effect of graphene-Ag NWs top electrode on the perfor-
mance of a/8-Ga;03 NRAs photodetector is also probed into. The
photodetector with the monolayer graphene as top electrode
shows the lowest dark current of 0.23 nA, as shown in Fig. 4a,
because the monolayer graphene with inevitable cracks and holes
only presents poor electrical conductivity. Compared with the
monolayer graphene electrode, the dark current of the photode-
tector with the graphene-Ag NWs hybrid electrode is 1.01 nA,
exhibiting an improved conductivity. Although the quality of CVD-
growth graphene is outstanding, it is reported that the sheet
resistance of the transferred CVD-grown monolayer graphene film
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Fig. 3. (a) -V characteristic curve of the «/$-Ga,03 NRAs photodetector under dark and 254 nm illumination with various light intensities, the inset is the [-V enlarged curves near
zero bias; (b) Time-dependent photoresponse of the photodetector under zero bias and 254 nm light with various light intensities; (c) Photocurrent and responsivity as a function of
the light intensity; (d) Detectivity as a function of the light intensity; (e) Time-dependent photoresponse of the photodetector under various bias with 254 nm LED light illumi-
nation; (f) enlarged view of the rise/decay edges and the corresponding exponential fitting.

(2100 Q sq~!) is too high to use as an electrode [51,52]. Thus, it is
required to improve the conductivity of the transferred graphene
without sacrifice optical transparency. Compared with the mono-
layer graphene electrode, graphene-Ag NWs hybrid electrode ex-
hibits excellent electron transport properties. The improved
electrical conductivity of the hybrid electrode could be originated
from the two factors (1) Synergy from percolation through the Ag
NWs, bridge graphene cracks, and polydomains; (2) Graphene layer
eliminate of open space between nonconnected Ag NWs [53—57].
Under the light intensity of 3000 pW/cm?, the photocurrent of the
photodetector with the graphene-Ag NWs top electrode exhibits
the highest photocurrent of 211.07 nA, which is tenfold higher than
that obtained from the photodetector with monolayer graphene
electrode. The transmittance spectra of different transparent elec-
trodes are shown in Fig. 4b. The optical transmittance of the
monolayer graphene and Ag NWs are 93.6% and 84.1% at 250 nm,
respectively, while those of the bilayer graphene and monolayer
graphene-Ag NWs film are 89.5% and 92.1%, respectively. The

Table 1

photograph of the device inserted in Fig. 4b further confirms its
transparency. Tradeoff the conductivity and transmittance, the
graphene-Ag NWs film is suitable for the top electrode. Addition-
ally, the internal electric field induced by the «/$-Ga,03 phase
junction also favors the automatic separation of photogenerated
carriers, and therefore, improves the performance of the photo-
detector. Fig. 4c displays the response of the three prototype de-
vices under 254 nm light illumination, with the light intensity of
3000 pW/cm? at 0 V. Obviously, the phase junction NRAs device
demonstrates an enhancement in the photoresponse current
(~211 nA) in comparison to the a-Ga;03 NRAs (36 nA) and (-Gaz03
NRAs (121 nA). For a more detailed study, the rise and decay pro-
cesses of the photoresponse are demonstrated in Fig. 4d. The rise
time (7,1) of a/8-GayOs phase junction photodetector is about
0.54 s, which is faster than those of a-Ga;03 (1.24 s) and $-Gay03
(1.12 s) devices, indicating that the construction of a/3-Ga;03 phase
junction effectively promotes the response speed. In order to
explain this phenomenon, the energy band diagram of the «/g-

Comparison of the photoresponse parameters of the a/3-Ga;03 junction nanorods solar-blind photodetector under zero bias from this work and other previously reported

Gay03 devices.

Photodetector Wavelength (nm) Responsivity (mA/W) Iphoto/Idark Rejection Ratio Ref
Au//$-Gaz03 Nanowires 270 0.01 (0V) 1x 103 ~38(R258/R400) [22]
B-Ga,-03/NSTO 254 26(0V) 20 \ [15]
Gay05/Zn0 254 9.7 (0V) 1x 10* 690(R254/R400) [16]
p-GaN/n-Ga,03 254 28.4(0 V) 74 152(R254/R400) [21]
diamond/$ —Ga,03 270 02(0V) 242 135(R254/R400) [53]
Gay0s/SiC 254 0.7 (0V) 37 \ [54]
Gay05Ga:ZnO 254 0.76 (0 V) 106 100(Ry54/R365) [17]
GaN/Sn:Ga,—05 254 3.05 x 1030 V) 6 x 10* 5.9 x 10% (Ras4/R400) [35]
Si/Gay03 254 3.7 x 10°(3V) 904 1 x 10%(Ras4/R365) [34]
Graphene/Ga,03/graphene 254 9.66(0 V) 1 x 10* \ [59]
Zn0/Ga,03 core-shell 254 1.3 x 10%(-6V) 1 x 108 \ [60]
a/8-Gay03 254 0.26 (0 V) 127 2.7 x 10% (Rys4/R365) this work
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Fig. 4. (a) Time-dependent photoresponse of the a/8-Ga;03 phase junction photodetector with different top electrodes under zero bias and 254 nm light; (b) Transmittance of
different top electrodes; (c) Time-dependent photoresponse of the a-Ga,03, f-Ga;03 and o/f-Ga,03 phase junction photodetector under zero bias and 254 nm light; (d) enlarged
view of the rise/decay edges and the corresponding exponential fitting; (e) llustrations of the proposed band alignment of the a/3-Ga,03 phase junction and the charge carrier

transport route.

Gay0s3 junction is given in Fig. 4e. The bandgap energies of «-Ga;03
and $-Ga;03 are 4.96 and 4.66 eV [7], respectively. Both the con-
duction band potential (E;) and the valence band potential (E,) of «-
Ga;03 are more positive than those of §-Ga;03, exhibiting a II type
of band structure. Because of the potential difference of a-Gay03
and (-Gay0s, the photogenerated electron-hole pairs can effec-
tively be separated under the illumination. As a result, the photo-
generated holes and electrons transfer to a-GapO3 and ($-Gay03
NRAs, respectively.

By yaking advantage of self-powered characteristic and ultra-
sensitive  spectral selectivity, our proposed solar-blind

photodetector shows the potential application in space detection
and warning. However, for space warning, photodetectors are
required to work at a million meters altitude and even outer space
where the air is ultralow dense. For simulating the performance of
the photodetector working in outer space environment, the mea-
surements were carried out in vacuum (~1 Pa) under 254 nm light
illumination at 0 V bias. As shown in Fig. 5a and b, the «/$-Gay03
NRAs junction photodetector demonstrates an ultralow dark cur-
rent of 1.36 pA and a photocurrent of 4.73 nA, which are 100 times
less than that in atmospheric conditions. The photoresponse time is
0.16 s (tr1) in a vacuum, which is an order of magnitude faster than
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Fig. 5. (a) Time-dependent photoresponse of the photodetector under zero bias and 254 nm light with various light intensities in vacuum environment; (b) Time-dependent
photoresponse of the «/8-Ga,03; phase junction photodetector in vacuum and air environment under zero bias and 254 nm light; (c) Time-dependent photoresponse of the a-
Gay03, $-Ga;053 and «/f-Ga,05 phase junction photodetector under 254 nm light; (d) enlarged view of the rise/decay edges and the corresponding exponential fitting; Schemas of
oxygen and water molecules on surface of a/3-Ga,03 NRAs at (e) vacuum and (f) air in the dark and under UV illumination.

that in the atmosphere. Additionally, the photogenerated electron-
hole pairs can still effectively be separated under illumination in a
vacuum. The photodetector holds an enhanced photocurrent and a
fast response speed than the pure a#-Gay;03 and $-Ga,03 NRAs de-
vice. The photoresponse of the device will be affected by adsorption
and desorption of oxygen molecules on the «/3-Ga;03 NRAs sur-
face. In the atmosphere, owing to the large surface-to-volume ratio
of NRAs, a large amount of O, will be adsorbed on the surface of o/
(6-Ga03 NRAs, which decreases the carrier density and leads to an
upward band bending. The adsorbed O, is ionized to Oz by water
molecules and released electrons, which significantly increases the
conductivity of the device. On the contrary, in a vacuum, less O; is
adsorbed and ionized on the surface, and the energy bands are less
bent. Hence, the device in a vacuum shows a lower current and a
shorter response time. Owing to the great performance of the o/(-
Ga,03 NRAs junction photodetector in a vacuum, the device shows

wide potential applications in some fields, such as missile early
warning and tracking and ozone hole monitoring, which needs to
work in low air density.

4. Conclusion

In summary, high-performance self-powered solar-blind pho-
todetectors based on the «/3-Ga;Os3 junction NRAs with highly
conductive and transparent graphene-Ag NWs as a top conductive
electrode was proposed. Compared with a conventional metal
electrode, the graphene-Ag NWs electrode with tight conduction
with the «/f-Gay03 showed excellent electrical conductivity and
optical transparency and improved the efficiency of separation and
transfer of photogenerated carriers. The well-designed photode-
tector showed an enhanced performance, namely a high respon-
sivity of 0.26 mA/W, a high Igari/Iphoto ratio of 2.1 x 102, large
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detectivity of 2.8 x 10° Jones with a high rejection ratio (R254/R365)
of 2.7 x 10° even without external power. Such excellent photo-
electric performance of self-powered solar-blind photodetector has
potential application prospects in ultraviolet monitoring, UV
communication, and space detection.
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