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ABSTRACT: Because of the direct band gap of 4.9 eV, -Ga,O;
has been considered as an ideal material for solar-blind
photodetection without any bandgap tuning. Practical applications
of the photodetectors require fast response speed, high signal-to-
noise ratio, low energy consumption and low fabrication cost.
Unfortunately, most reported j-Ga,O;-based photodetectors
usually possess a relatively long response time. In addition, the
p-Ga,0; photodetectors based on bulk, the individual 1D
nanostructure, and the film often suffer from the high cost, the
low repeatability, and the relatively large dark current, respectively.
In this paper, a Au/f-Ga,0; nanowires array film vertical Schottky photodiode is successfully fabricated by a simple thermal
partial oxidation process. The device exhibits a very low dark current of 10 pA at —30 V with a sharp cutoff at 270 nm. More
interestingly, the 90—10% decay time of our device is only around 64 s, which is much quicker than any other previously
reported f-Ga,O;-based photodetectors. Besides, the self-powering, the excellent stability and the good reproducibility of Au/f-
Ga,0; nanowires array film photodetector are helpful to its commercialization and practical applications.
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1. INTRODUCTION

Because of the strong absorption by stratospheric ozone, the
ultraviolet radiation below 280 nm from the sun cannot
penetrate the atmosphere to reach the earth’s surface, which is
thus called solar-blind region. If the photodetectors working in
this region, the so-named solar-blind photodetectors, can detect
a very weak signal under sun due to the absence of sky
background interference. Therefore, the solar-blind photo-
detectors have many potential applications, such as missile
alarming and tracking, high-pressure arc discharge detection,
ozone monitoring and nonline-of-sight optical communica-
tion.'

Up to present, a number of solar-blind photodetectors have
been demonstrated on wide bandgap semiconductors, including
AlGaN,"™ ManO,4’m_13 diamond,'*™"° f-Ga,0,"""7* and
so on. Benefiting from the rapid development of their light
emitting diode (LED) and related process technology,”
AlGaN-based photodetectors present the more excellent
performance than the other wide bandgap semiconductors
devices. However, with increasing Al composition for solar-
blind detection, the performance of AlGaN photodetectors
rapidly becomes poor due to the obvious degradation of the
crystal quality.”"” MgZnO alloys with a band gap in solar-blind
region also suffer from the poor crystal quality due to the phase
separation.”'*~"? As for diamond, its band gap is as large as 5.5
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eV, 1aénd thus its detection range is limited to shorter than 225
nm.

B-Ga,0;, with a direct band gap of 4.9 eV, is an ideal material
for solar-blind photodetection without any bandgap tuning. It
also possesses some unique advantages, such as large
absorption coefficient (>10° cm™' near band edge), high
chemical and thermal stability.”" In the past few years, a large
number of solar-blind photodetectors have been demonstrated
on f-Ga,O; with different phases, including bulk, thin films,
and nanostructures.”'” ™" As is well-known, practical applica-
tions of the photodetectors require fast response speed, high
signal-to-noise ratio, low energy consumption and low
fabrication cost.'”*> According to the previous reports, the
devices based on bulk and individual 1-D nanostructured f-
Ga,0; usually show very high responsivity, but the high cost of
bulk materials and the low repeatability of individual 1D
nanostructure-based devices hinder their practical applica-
tions.'*>*2¢ Although significant progress has been made in
the epitaxial growth of $-Ga,O; thin films, their solar-blind
photodetectors usually have a relatively higher dark current and
a slower response speed.”' ™** Recently, it is found that the
nanofilm photodetectors have obvious merits over other
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Figure 1. Schematic illustration of the fabrication of #-Ga,O; nanowires array film and its vertical Schottky photodiode.

devices based on bulk, thin films, and 1D nanostructures, such
as easy fabrication, low cost, flexible, and high performance.33
Until now, many solar-blind photodetectors have been
demonstrated on $-Ga,0; nanostructured films.”**’ However,
all these devices have simple metal—semiconductor—metal
(MSM) structure and their performance is thus still worse than
expected. Considering the potential applications in secure
communication and space detection, the quick response speed
and the self-powered ability for a solar-blind photodetector are
strongly desirable. Therefore, the vertical Schottky photodiode
based on f-Ga,0; nanostructured films should satisfy this
requirement. Unfortunately, no information regarding this can
be found.

As is well-known, a vertical Schottky photodiode usually
consist of three parts: an Ohmic contact electrode at the
bottom, a semiconductor sensitive layer, and a Schottky contact
electrode on the top. Two types of electrodes at the different
position make the devices fabrication process complex. In this
paper, a vertical Schottky photodiode based on f-Ga,0;
nanostructured film was fabricated by a simple method. By
partial oxidation of Ga metal at high temperature, f-Ga,O;
nanowires array films can be formed on the surface. At the same
time, a good Ohmic contact was established between the
residual Ga and f-Ga,O; nanowires array film. After the
deposition of a 20 nm Au layer as the Schottky electrode, a
vertical Schottky photodiode was demonstrated. A sharp cutoff
wavelength at around 270 nm, and a liner relationship between
photocurrent and light intensity (4 = 254 nm) can be clearly
observed. More interestingly, the 90—10% decay time of our
device is only ~64 us, which is much quicker than any other f-
Ga,05-based photodetectors reported previously. In addition,
this f-Ga,O; nanowires array film shows an obvious solar-blind
response without any power supply. Our findings indicated that
this simple partial oxidation method can be used to fabricate
self-powered solar-blind photodetectors with fast response
speed for the potential applications insecure communication
and space detection.

2. EXPERIMENTAL SECTION

2.1. Synthesis and Characterization of the f-Ga,0; Nano-
wires Array Film. The -Ga,O; nanowires array film was synthesized
by partial thermal oxidation process. First, the liquid metal Ga (20 mg,
110 °C) was coating on the surface of c-sapphire substrate (8 X 8
mm?). Then the substrate was rotated by the spin coater and the
typically rotate speed is 7500 rpm for 20 s. Due to the spin coating
process, the Ga edge bead was formed on the edge of the c-sapphire
substrate. Then, the Ga/c-sapphire was placed in a horizontal tube
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furnace at 1050 °C for 60 min with a flow of highly pure oxygen. First,
the top surface of Ga was oxidation to form the $-Ga,O;. After that,
the -Ga,O; layer can protect the interior of the Ga to avoid further
oxidation. In addition, the -Ga,O; nanowires were formed on the f-
Ga,0; layer during the oxidation process. The samples were
characterized by using scanning electron microscopy (SEM)
(HITACHI S-4800), energy dispersive X-ray spectrometry (EDS)
(GENESIS 2000 XMS60S), Bruker D8GADDS, X-ray diffraction
(XRD) using Cu Ka radiation (4 = 0.154 nm) with an area detector,
transmission electron microscopy (TEM), high resolution trans-
mission electron microscopy (HRTEM), and selected area electron
diffraction (SAED) (JEOL JEM-2100F electron microscope).

2.2. Fabrication and Characterization of the Photodetector.
A 20 nm-thick Au layer was deposited on the surface of the f-Ga,05
through a mask, and a vertical Schottky photodetector was thus
demonstrated with Au as Schottky contact electrode and Ga as Ohmic
contact electrode. The SEM image of the -Ga,0O; nanowires coated
by Au was shown in Figure SI in the Supporting Information. The
current—voltage (I—V) properties were measured by using a
semiconductor device analyzer (Agilent B1S00A). A 200 W UV-
enhanced Xe lamp with a monochromator was used to investigate the
spectral response properties of the photodetectors. The transient
response spectra of photodetectors were recorded by using an
oscilloscope (Tektronix DPO 5104 digital oscilloscope) and a
Nd:YAG laser (266 nm).

3. RESULTS AND DISCUSSION

Figure 1 shows the schematic illustration of the fabrication of f-
Ga,0; nanowires array film and its vertical Schottky photo-
diode. First, the liquid Ga metal was spin-coated on a c-face
sapphire, and then a thin Ga layer was formed with an edge
bead. After thermal oxidation at 1050 °C in oxygen, $-Ga,0;
nanowires array film can be prepared on the Ga metal surface.
Then the f-Ga,0; layer can protect the interior of the Ga to
avoid further oxidation, and thus a thin Ga metal layer would
remain between f-Ga,O; and substrate, which can be used as
Ohmic electrode. After that, a 20 nm-thick Au layer was
deposited on the surface of the $-Ga,O; through a mask as
Schottky electrode. According to the SEM and EDS mapping
results (see figures S1 and S2 in the Supporting Information),
Au is deposited on the surface of both f-Ga,O; layer and fS-
Ga,O; nanowires. After cutting and stripping, a vertical
Schottky photodiode with a Au Schottky contact and a Ga
Ohmic contact was demonstrated based on -Ga,0; nanowires
array film. In Figure 2, a cross-sectional SEM image of the
sample is shown, and an EDS line scan is taken along the white
dashed line. The spatial distributions of O, Ga and Al indicated
that the sample has a trilayer structure, namely, f-Ga,0O;
nanowires array/f-Ga,O; film/Ga. The thickness of the
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Figure 2. Cross-sectional SEM image of the sample and line scanning
EDS on the cross-sectional of the sample along the white dashed line.

residual Ga layer and f-Ga,0O; layer is approximately 5.8 and
1.6 um, respectively.

To investigate further the crystal structure of f-Ga,0O;
nanowires array film, SEM, XRD, and TEM measurements
were carried out. Figure 3a presents the SEM image of $-Ga,O;
nanowires array film. It can be found that most f-Ga,0;
nanowires are perpendicular to the substrate, and their average
length and diameter is around 1-3 pm and 100—200 nm,
respectively. The XRD pattern of the sample is shown in Figure
3b. Besides the diffraction of the c-sapphire substrate, all other
diffraction peaks can be indexed to the monoclinic }-Ga,0;
with lattice parameters a = 1.223 nm, b = 0.304 nm, ¢ = 0.580
nm, and f# = 103.7° (JCPDS Card No. 43-1012). Among them,
three strong diffraction peaks located at 18.9°, 38.4°, and 59.2°
could be assigned as (—201), (—402), and (—603) planes of -
Ga,0;, respectively. The diffraction peaks of Ga do not appear
due to the liquid nature of Ga metal (melt point: 29.8 °C) in
our sample. Because of the absolute quantity of $-Ga,O; layer
should be much larger than that of nanowires (see Figure 2),
the signal from the layer should be much stronger compared to
that of the nanowires in the XRD pattern. Thus, from the XRD
result, we can only confirm that the underlayer of our

nanowires array film is -Ga,0;. As for the crystal structure
of the nanowires, Figure 3c,d presents the low- and high-
resolution TEM images of the individual nanowire scraped
from the f-Ga,O; nanowires array film. The lattice fringes with
a d-spacing of 0.2667 nm were observed, which correspond to
the (11—1) lattice planes of f-Ga,O;. Figure 3e shows the
SAED pattern of the nanowire, which can be indexed to [1—
10] zone axis of f-Ga,0;, indicating the single crystalline
nature of this nanowire. The TEM images and SAED pattern
results indicate that the nanowires have the same monoclinic
structure with f-Ga,0; layer and are grown along the [110]
direction.

To investigate the optoelectronic properties of S-Ga,0;
nanowires array film, the vertical Schottky photodetector has
been fabricated on this film. Figure 4 shows the I-V
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Figure 4. I-V characteristics of device in dark and under the
illumination of 254 nm light in the logarithmic scale. Inset shows the
photovoltaic characteristic of the device near zero bias.

characteristics of device both in the dark and under 254 nm
light illumination (2 mW/cm?) at the room temperature. The
photodiode exhibits a good rectifying property under dark
condition with a current rectification ratio of 10% at +15 V and
a turn-on voltage of ~10 V. The leakage current is as low as
~10 pA at the reverse bias of 30 V. In addition, the device
reveals a high breakdown voltage of over —50 V. Moreover, the
I-V characteristics of the Schottky junction can be described by
thermionic emission theory, and the current across a Schottky
barrier (I) can be expressed as®*
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Figure 3. (a) SEM image and (b) XRD pattern of the -Ga,O; nanowires array film. (c) Low-and (d) high-resolution TEM images of the -Ga,O;

nanowire. (e) SAED pattern along [1—10] zone axis.
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= Is[eq(V—RSI)/nkBT _ 1] 1)
where g is the electron charge, Ry is the series resistance, n is
the ideality factor, ky is the Boltzmann factor, T is the operating
temperature, and Ig is the saturation current. By fitting the
experimental data of our Au/f-Ga,O; nanowires array film
Schottky photodiode using eq 1, n and Rg could be estimated to
be ~30 and ~10° Q, respectively. According to the previous
reports, this large n can be attributed to damage or insulating
interfacial layer between Au electrode and f-Ga,O; semi-
conductor*>*® The inset of Figure 4 shows the photovoltaic
characteristic of the device near zero bias, and a typical
photovoltaic effect could be observed clearly. The open-circuit
photovoltage and the short circuit current can be deduced to be
0.36 V and 120 pA, respectively, and this characteristic of the
device shows a good reproducibility (see Figure S3 in the
Supporting Information). This result suggests that our Au/f-
Ga,0; nanowires array film Schottky photodiode can be
operated without any external power supply, namely it is a self-
powered device.

Figure S shows the spectral responses of the Au/f-Ga,O;
nanowires array film Schottky photodiode at zero bias and
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Figure S. Spectral responses of the device at zero bias and under
reverse bias of 10 V. Inset shows the responsivity of photodetectors at
the wavelength of 254 nm as a function of reverse bias.

under reverse bias of 10 V. Obviously, the device displayed true
solar-blind photoresponse with a cutoff wavelength of ~270 nm
both at 0 V and reverse 10 V. As shown in Figure 5, the device
shows nearly no response under the illumination with a
wavelength longer than 310 nm. When the wavelength is
shorter than 280 nm, the responsivity increases sharply with the
decrease of light wavelength and reaches its peak value at ~258
nm, corresponding to the absorption edge of f-Ga,0;. This
phenomenon indicates that the photogenerated electron—hole
pairs are mainly excited by the light with the energy larger than
the bandgap of #-Ga,0;. At 0 V bias, the peak responsivity is
around 0.01 mA/W, and a solar-blind/UV rejection ratio
(Ryss nm/Roso nm) Of ~11 and a UV/visible rejection ratio
(Ryss nm/Raoo nm) Of ~38 are obtained. When the photodiode is
operated at a reverse bias of 10 V, the peak responsivity can
reach 0.6 mA/W, and its solar-blind/UV rejection ratio and
UV/visible rejection ratio are around 1 X 10% and 2 X 103
respectively. The inset of Figure S shows the peak responsivity
of photodetector as a function of reverse bias. With increasing
the reverse bias from 0 to 50 V, the responsivity increases
linearly. A responsivity of 2.9 mA/W can be obtained under the
reverse bias of 50 V.

One key parameter for a photodetector is the response
speed, which determines its capability to follow a fast-varying
optical signal. According to the previous reports, the response
time (both rise and fall time) of the S-Ga,O; based
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photodetectors is usually in seconds.””***”** And this slow
response speed limits the practical applications of the devices.
Interestingly, our Au/f-Ga,O; nanowires array film Schottky
photodiode presents relatively quick response to the solar-blind
UV light. Figure 6a shows the schematic diagram of the
experimental setup for the measurement of response time. The
temporal response of the device was analyzed by a pulsed
Nd:YAG laser with a 266 nm wavelength (the laser pulse width
was 10 ns and the frequency was 10 Hz). A Tektronix DPO
5104 digital oscilloscope was used to monitor the time
dependence of the photocurrent. In Figure 6b, a good
reproducibility and stability of our device can be clearly
observed and the response speed is very fast. The 10—90% rise
time (defined as the time for the current increasing from 10%
to 90% of the peak value) of the device is around 1 us (see
Figure 6¢). In addition, the 90—10% decay time (defined as the
time for the current dropping from 90% to 10% of the peak
value) of the device is around 64 us, and the current drops to
zero at about 100 us. As far as we known, the response speed of
our device is by far the quickest one among the various f-
Ga,0; photodetectors. In order to further understand the
decay process, we fit the decreasing portion of the temporal
response with an exponential decay curve, and a good fit was
accomplished using a first-order exponential decay with time
constants of 31 us. The RC constant may be responsible for the
slow decay component, where R is the total resistance and C is
mainly the capacitance of the depletion layer in the photodiode.
The detector capacitance was estimated to be ~0.54 pF by the
actual capacitance—voltage (C—V) measurement (see Figure S4
in the Supporting Information), and the RC time constant is
around 54 ps (assuming R ~ R, = 10° Q). This value of RC
time constant is on the same order as our fitting result as shown
in Figure 6c¢, and thus the relatively slow decay process can be
mainly attributed to the RC time constant. Besides, the long
lifetime of the photoexcited carriers in the }-Ga,0; induced by
carrier trapping effect cannot be completely ruled out in this
work. In Figure 6d, the decay time at different reverse bias was
shown. With increasing the reverse bias, the decay time only
changes a little. This phenomenon can be explained as follow:
due to the very low carrier concentration (~10'* cm™), the
entire -Ga,O; layer would be depleted even at a small reverse
bias. As a result, when we increase the reverse bias, the change
of the device capacitance should be very small, which is further
confirmed by the actual C—V measurement as shown in Figure
S4. The RC constant is thus almost no change, resulting in the
independence of the decay time on the reverse bias. In addition,
the response speed is also measured using a lamp (4 = 254 nm)
modulated by a mechanical chopper (see Figure SS in the
Supporting Information). With increasing the frequency from
15 to 120 Hz (16 mW/cm?), the decay time decreases from
~10 to ~3 ms. However, with the decrease of the light intensity
from 16 to 4 mW/cm” at 60 Hz, the change of the decay time is
very small (~S ms). Notablely, the decay time measured using
the chopped lamp is much longer than that measured using a
pulsed laser, and this slow decay should be determined by the
excitation profile of the mechanically chopped lamp.

Figure 7a shows the time-dependent response of the Au/fj-
Ga,0; nanowires array film Schottky photodiode, which is
measured by periodically turning on and oft a 254 nm light at a
bias of 0 V. Upon the 254 nm light illumination (2 mW-cm™2),
the current instantaneously increased to 0.15 nA. After turning
off the light, the current quickly returned to its original value.
The time-dependent response to the light on/off cycles shows
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Figure 7. Time-dependent photocurrent response of Au/f-Ga,0;
nanowires array film Schottky photodiode measured at the different
conditions: (a) illuminated by 254 nm light with the intensity of 2
mW-cm ™2 at 0 V, (b) illuminated by 254 nm light with the intensity of
0.3 mW-cm™ at =30V, (c) illuminated by 254 nm light with various
light intensities at —30 V. (d) Photocurrent as a function of light
intensity.

good stability and reproducibility. The similar phenomenon
was also observed under bias of reverse 30 V with the light
intensity of 0.3 mW-cm > (see Figure 7b). To investigate
further the ability of the device to respond to the intensity of
the light, 254 nm light with the intensities ranging from 0.1 to
2.0 mW-cm™* was irradiated on the Au/f-Ga,O; nanowires
array film Schottky photodiode at —30 V as shown in Figure 7c.
With increasing the light intensity, the device shows a
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corresponding response. Figure 7d presents the photocurrent
as a function of light intensity. Obviously, the photocurrent
increases linearly with the increase of light intensity from 0.1 to
2.0 mW-cm % This nearly linear relationship between the
photocurrent and excitation power intensity suggests that our
devices can be used to measure solar-blind ultraviolet
quantitatively.

The Au/f-Ga,O; nanowires array film Schottky photodiode
shows a good performance in the solar-blind UV detection.
And the novel fabrication process and device structure should
play a fundamental role in our case. Table 1 shows a
comparison of the photoresponse parameters for the p-
Ga,05-based photodetectors. It can be seen from the table
that our Au/f-Ga,O; nanowires array film Schottky photo-
diode has the quickest rise and decay time. Moreover, the dark
current of our device is lower than that of most other devices
reported previously. The nature of the Schottky junction allows
our device to be operated without any power supply. Although
the performance of the Au/f-Ga,O; nanowires array film
Schottky photodiode is still lower than the expected, we can
improve it by optimizing device technology and structure,
controlling the defects in semiconductor,””*”** and using the
surface plasmon effect and so on.””~*' Our findings in this work
suggest a possible method to realize the self-powered solar-
blind photodetector with fast response speed.

4. CONCLUSIONS

We have demonstrated a self-powered solar-blind photo-
detector based on Au/f-Ga,O; nanowires array film Schottky
junction by a simple partial thermal oxidation process.
Interestingly, during the partial oxidation of Ga to form p-
Ga,0; nanowires array film, a good Ohmic contact can be
easily achieved between them. The Au/f-Ga,O; nanowires
array film Schottky photodiode exhibits a good rectifying

DOI: 10.1021/acsami.5b11956
ACS Appl. Mater. Interfaces 2016, 8, 4185—4191


http://dx.doi.org/10.1021/acsami.5b11956
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acsami.5b11956&iName=master.img-006.jpg&w=306&h=249
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acsami.5b11956&iName=master.img-007.jpg&w=239&h=197

ACS Applied Materials & Interfaces

Research Article

Table 1. Comparison of the Photoresponse Parameters Between the fi-Ga,0; based Photodetectors

structure of f-Ga,0; structure of device rise time/decay time (s)

film MSM

film MSM

film MSM ~1/~1
single crystal Schottky

single crystal Schottky

bridged 1-D nanostructure MSM —/0.02
individual 1-D nanostructure MSM 1/0.6
multilayer 1-D nanostructure MSM 0.3/0.3
nanostructure film MSM

nanostructure film MSM ~40/~100
nanostructure film Schottky ~1 X 107/ ~6 x 107

dark current (pA) responsivity (mA/W) self-powered ref
1200 (10 V) 37 (10 V) no 18
620 (20 V) 1700 (20 V) no 21
1.28 X 10° (10 V) no 23

1 x 10* (=10 V) 8700 (—10 V) yes 19
1000 (-3 V) 1x10°(=3V) yes 24
0.2 (50 V) no 1
0.1(6V) 547 x 10° (6 V) no 26

0.1 (20V) 8.5 X 10° (20 V) no 27
133 (5V) 037 (5V) no 28
5000 (20 V) no 29

10 (=30 V) 0.01 (0V) 2.9 (-50V) yes this work

property, and its dark current is only 10 pA at —30 V. Further
photoresponse analysis showed that our device is a true solar-
blind photodetector with a cutoft edge at ~270 nm and can be
operated under zero bias (photovoltaic mode). Moreover, the
rise and decay time of the device is only ~1 and 64 pus,
respectively, which is much shorter than any other previously
reported f-Ga,O; based photodetectors. And the relatively
slow decay process should be limited by the RC constant.
Besides, the photodetector performs with excellent stability and
reproducibility. Our findings suggest the great application
potential of Au/f-Ga,O; nanowires array film Schottky
photodetector in high-speed secure communication, space
detection, missile alarming and tracking and so on.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsami.5Sb11956.
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illumination (2 mW/cm?). Figure S4: C—V curve of the
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illumination of a 254 nm lamp (modulated by a
mechanical chopper) with different (a) chopper
frequencies and (b) light intensities (PDF).
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