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ABSTRACT: Monoclinic Ga,0; (-Ga,0;) meets the demand of intrinsic solar-blind photodetection for various applications.
Currently, it is still very challenging to realize excellent -Ga,O; solar-blind photodetectors. Here, we demonstrated a high-
performance solar-blind ultraviolet (UV) photodetector based on f-Ga,O; thin films by combining high-temperature oxygen
annealing and oxygen plasma treatment. A high normalized photo-to-dark current ratio of 1.3 X 10'> W™/, a large rejection ratio
(Rpear/ Rago) of 8.6 X 10 and fast rise/decay times of 0.6/0.5 s have been obtained from the annealed & plasma-treated f3-Ga,O5
photodetector. Moreover, the effects of the combination of oxygen annealing and oxygen plasma treatment on the properties of -
Ga,0; films and their photodetectors were investigated. The results indicated that the improved solar-blind photodetection
performance can be attributed to the reduction of the oxygen vacancy defects and the modification of the surface states of the Ga,O;
films after oxygen annealing and plasma treatment in sequence. Our findings in this work provides a potential way to improve the
performance of Ga,Oj; film-based solar-blind UV photodetectors.

1. INTRODUCTION

Solar-blind ultraviolet (UV) photodetectors have recently
received widespread attention due to their important

so on. These reported f-Ga,O; devices commonly exhibit high
responsivity.U_20 Nevertheless, the dark current and UV—
visible rejection ratio of B-Ga,O; solar-blind UV photo-

applications in environment monitoring, flame detection,
missile warning, space communication, and so on.'™*
Currently, the solar-blind UV photodetectors based on wide-
band gap semiconductor materials including AlGaN, ZnMgO,
diamond, and Ga,O; have been recognized as emerging UV
detectors.”™® Among these wide-band gap semiconductors,
Ga,0; is considered as one of the most ideal materials for
solar-blind UV photodetection due to its suitable direct band
gap of ~4.7-5.2 eV, high radiation hardness, and high
stability.”~"* In particular, monoclinic Ga,0; (#-Ga,0;), as
the most stable phase of Ga,0; has been extremely
investigated in the past few years for the fabrication of solar-
blind UV photodetectors.”*™'® To date, large numbers of f-
Ga,0; photodetectors have been demonstrated based on
different structures, such as metal—semiconductor—metal
(MSM) structure, Schottky junctions, heterojunctions, and
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detectors are significantly worse than expected due to the
existence of large amounts of oxygen vacancy defects.”' ~** To
eliminate the influence of oxygen vacancy defects on the device
performance, high-temperature annealing under oxygen
atmosphere has been regarded as an effective technology,
which can not only reduce the number of defects but also
improve the crystal quality. So far, numerous reports are
available on the effect of oxygen annealing on the properties of
Ga,0; films and their photodetectors.”>~>” Rafique et al. have
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Figure 1. Schematic illustration of the fabrication processes of -Ga,O; MSM photodetectors.
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Figure 2. O 1s XPS spectra of the -Ga,O5 films before (a) and after (b) Ar ion etching.

demonstrated a significant suppression of the dark current and
a large enhancement in the out of band rejection ratio in f-
Ga,0; solar-blind photodetector by annealing the $-Ga,0,
thin film in oxygen atmosphere at 1000 °C.”” Our previous
study showed that oxygen annealing could improve the
response speed and UV—visible rejection ratio, obviously, of
the amorphous Ga,O; solar-blind photodetector.”* However,
although high-temperature oxygen annealing can repair oxygen
vacancy defects inside Ga,O; and improve the crystalline
quality, it has no obvious effect on surface states that often
cause photogenerated carrier recombination and increase the
leakage current. In contrast, plasma treatment has been
commonly regarded as a good method to tailor the surface
characteristics of different semiconductor materials, such as
ZnO, GaN, and so on.**>° However, plasma treatment mainly
affects the surface and cannot repair the defects inside the
materials. Therefore, the combination of high-temperature
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oxygen annealing and oxygen plasma treatment on the Ga,0O;
film is expected to efficiently improve the crystalline quality,
repair the internal and surface oxygen vacancy defects, and
modify the surface states. So far, no studies have focused on
the effect of the combination of annealing and plasma
treatment on the performance of the Ga,Oj;-based photo-
detectors.

In this work, the MSM solar-blind UV photodetectors were
demonstrated on p-Ga,O; thin films by metal—organic
chemical vapor deposition (MOCVD). The effect of the
combination of high-temperature oxygen annealing and
subsequent oxygen plasma treatment on the crystalline quality
and optical and photoresponse properties of f-Ga,O; thin
films was systematically investigated. Compared to the as-
grown, plasma-treated-only, and annealed-only devices, the
annealed & plasma-treated $-Ga,O; photodetector exhibits
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Figure 3. Semilogarithmic I—V characteristics of the -Ga,0; MSM photodetectors (a) in the dark and (b) under 254 nm illumination. (c) Time-
dependent photoresponse with the 254 nm light periodically on and off at 10 V. (d) Spectral response on a semilogarithmic scale at 10 V.

superior performance. The detailed mechanism for the above
phenomenon was also discussed.

2. EXPERIMENTAL SECTION

The f-Ga,0; thin films were grown on c-Al,O; substrates by
MOCVD. The growth temperature was kept at 700 °C with a
chamber pressure of 1.7 X 10° Pa. Triethylgallium (TEGa) and
high-purity oxygen were used as precursors, and the carrier gas
was high-purity nitrogen. The flow rates of TEGa and oxygen
were set at 4 and 120 sccm, respectively. After the growth,
high-temperature annealing was carried out in a horizontal
tube furnace under pure oxygen atmosphere (standard
atmospheric pressure of ~1 X 10° Pa) for 40 min at a
temperature of 750 °C. The p-Ga,O; MSM photodetectors
with Au interdigital electrodes (40 nm thick) were fabricated
using photolithography and lift-off techniques. The Au fingers
are 10 pm wide and 500 mm long with 10 ym spacing. After
that, the devices were exposed to oxygen plasma with a power
of 80 W for 10 min, which was produced through a radio-
frequency plasma source. Figure 1 shows the schematic
illustration of the fabrication processes of f-Ga,0; MSM
photodetectors.

The morphology and structural property of $-Ga,O; films
were characterized by scanning electron microscopy (SEM)
(Hitachi S-4800) and X-ray diffractometer (XRD) (Cu Ka
radiation, A = 0.154 nm). The elemental composition and
chemical state were investigated by X-ray photoelectron
spectroscopy (XPS). Transmission spectra were recorded
using a Shimadzu UV-3101PC spectrophotometer. The
current—voltage (I—V) properties and time-dependent photo-
current (I—t) curves were measured by a semiconductor
parameter analyzer (Agilent BISOOA). The response spectra
were obtained by using a 200 W UV enhanced Xe lamp and a
monochromator.
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3. RESULTS AND DISCUSSION

The morphology, thickness, and structural and optical
properties of as-grown, oxygen plasma-treated, 750 °C
oxygen-annealed, and annealed & plasma-treated f-Ga,0O;
films were characterized by SEM, XRD, and UV-—visible
transmission spectra as shown in Figure S1. Obviously, all f-
Ga,0; films have a uniform granular surface morphology with
a thickness of approximately 170 nm. In addition, all films
show a high transmittance of over 90% in the visible region
with sharp absorption edges at ~250 nm. The band gaps of f-
Ga,0; films are estimated to be ~4.94 eV, which is close to the
most reported values.’’ Moreover, $-Ga,O; thin films
fabricated on the c-face sapphire substrate have a (201)
preferred orientation, and the full width at half-maximum of
(201) peak is ~0.2° for all samples. The SEM, XRD, and
optical transmission spectra results indicate that no obvious
changes in the surface morphology, thickness, crystalline
quality, and optical property of the $-Ga,O; thin films can
be observed before and after oxygen annealing and/or oxygen
plasma treatment in our case.

To further investigate the chemical state of the f-Ga,O;
films before and after oxygen annealing and/or oxygen plasma
treatment, XPS measurement combined with argon gas cluster
etching have been conducted. Figure 2a,b shows the O 1s XPS
spectra of #-Ga,O; films before and after etching, respectively.
Each O 1s XPS spectrum can be divided into two components:
an intense peak (Oj) is located at about 530.5 eV, which is
related to the Ga—O bond of Ga,0s, while the other one (Oy)
is observed at about 531.2 €V corresponding to the O*~ ions in
the oxygen-deficient regions.”” ** The integrated peak area
intensity ratios of Oy/(O; + Oy) can be used to determine the
densities of oxygen vacancy defects. Obviously, the content of
surface oxygen vacancy defects (before etching) is higher than
that of bulk oxygen vacancy defects (after etching) for all -
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Figure 4. (a) Time-dependent photoresponse under 254 nm illumination with different intensities biased at 10 V. (b) Photocurrent as a function of

illumination intensity at 10 V.

Ga,0; films. Figure 2a shows the XPS spectra of Ga,0j; films
without etching. It can be found that the Oy/(O; + Oyy) ratios
at the surface of the as-grown, oxygen plasma-treated, high-
temperature oxygen annealed, and annealed & plasma-treated
films are ~27.4, ~25.3, ~22.0, and ~20.4%, respectively.
Figure 2b displays the XPS depth-profile analysis with the
etching rate of 0.25 nm/s for 160 s. Obviously, the Oy/(O; +
Oyy) ratios inside -Ga,0; films are ~19.2, ~19.4, ~8.8, and
~9.1% for the as-grown, plasma-treated, annealed, and
annealed & plasma-treated samples, respectively. The XPS
results indicate that high-temperature oxygen annealing can
significantly reduce the oxygen vacancy defects inside Ga,0;
films and also have a certain repair effect on the surface oxygen
vacancy defects. In contrast, oxygen plasma treatment can only
slightly reduce the oxygen vacancy defects on the surface of
Ga,0; films but almost has no effect on the oxygen vacancy
defects inside the films.

Figure 3a,b gives the semilogarithmic I—V characteristics of
the $-Ga,0; photodetectors in the dark and under 254 nm
illumination (power density ~ 0.7 mW/cm?®) at room
temperature, respectively. As shown in Figure 3a, the dark
currents of both the annealed and plasma-treated f-Ga,O,
MSM photodetectors were obviously less than that of the as-
grown device by about 1 order of magnitude. More
interestingly, by combining high-temperature oxygen annealing
and oxygen plasma treatment, the dark current of f$-Ga,0;
MSM photodetector is further significantly reduced to ~29 pA
at 10 V, which is nearly 3 orders of magnitude lower than that
of the as-grown device (~21 nA at 10 V). The decrease in the

dark current of the devices can be attributed to the elimination
of surface leakage channels by plasma treatment and the
reduction of the oxygen-related defects by annealing. At the
same time, the effects of different atmospheres and treatment
time of plasma treatment on the dark current were also
investigated (as shown in Figure S2). Additionally, it can be
clearly obtained that the photocurrent of the photodetectors
increased slightly by oxygen annealing and/or plasma treat-
ment, and the reduction of defect-related recombination of
photogenerated carriers should be the main reason for this
trend. Therefore, benefiting from the reduction of dark current
and the enhancement of photocurrent, the normalized photo-
to-dark current ratio (NPDR) of the annealed & plasma-
treated f3-Ga,0, film photodetector is as high as 1.3 x 10"
W' under 250 nm illumination at 10 V, which is nearly 10,000
times higher than that of the device based on as-grown f-
Ga,0; film.

The time-dependent photoresponse characteristics of the f-
Ga,0; photodetectors were investigated with the 254 nm light
periodically on and off at 10 V bias as illustrated in Figure 3c.
All devices demonstrate good repeatability and stability.
Moreover, the 10—90% rise time and 90—10% decay time of
the devices have been estimated to be ~0.6 and ~0.5 s from a
single cycle of photoresponse curve, respectively.

Figure 3d shows the spectral responses on a semilogarithmic
scale at 10 V bias. The spectral response peaks of all four
devices appear near 250 nm with a —3 dB cutoff at ~260 nm.
The UV to visible rejection ratio (Rpeak/ Rygo) is defined as the
ratio between the peak responsivity and responsivity at 400
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Table 1. Performance Parameters of the f-Ga,0; Photodetectors at 10 V in This Work

device dark current (nA) responsivity (A W) rejection ratio (Rpeak/R400) NPDR (W™!) detectivity (cm Hz'2 W)
as-grown 21 7.54 1.1 x 10* 3.6 X 10° 6.5 x 101
plasma-treated 1.7 18.96 9.9 X 10° 1.1 x 10" 5.7 x 10"
annealed 0.92 8.85 9.1 x 10° 9.6 X 10° 3.6 x 10"
annealed & plasma-treated 2.9 X 107 38.82 8.6 X 10° 1.3 x 10" 9.0 X 10"

Table 2. Comparison of Devices Performance of Our Annealed & Plasma-Treated Device and Other MSM Photodetectors
Based on Ga,0; Thin Films

materials method dark current (nA) responsivity (A W) rejection ratio detectivity (cm Hz'/?> W) refs
a-Ga,0, LMBE 1.02@10 V 0.0151@20 V 38
a-Ga,0, ALD 5x107*@10 V 0.76@20 V 3.57 X 10*(Rys3/Ryg0) 39
&-Ga,0, MOCVD 2.5 X 107°@6 V 84@6 V 42 x 10™ 40
a-Ga,0, magnetron sputtering 0.3386@10 V 76.26@10 V 1.15 X 10° (Ry50/R350) 1.26 x 10™ 33
a-Ga,0, magnetron sputtering 1.63 x 10*@5 V 55.5@5 V 10° 1.14 x 10" 36
a-Ga,0, ALD 943 X 107°@10 V 1.34@10 V 2.74 X 10° (Rys50/Ryg0) 24
B-Ga,0, LMBE 021@8 V >10° 41
B-Ga,0, MOCVD 46@20 V 107(Ry50/Rsgs) 9.8 x 10 42
B-Ga,0, PLD 4 X 107°@10 V 0.35@10 V 43
B-Ga,0, PLD 12X 107*@5 V 0.903@5 V 7.867 X 10*(Rys0/Rss0) 44
B-Ga,0, MBE 4@20 V >1.5@4 V >10%(Ry34/Ryzo) 9
B-Ga,0, LMBE 1.9@10 V 0.06@10 V 45
B-Ga,0, PA-MBE 1.9@20 V 1702@20 V 1.3 x 10" 46
B-Ga,0, MOCVD 2.9 X 107*@10 V 38.82@10 V 8.6X10°(Ry50/Ryg0) 9.0 X 10" this work

nm, which can be used to evaluate the spectral selectivity of the
photodetector. As we can see, the UV—visible rejection ratio of
the photodetectors can be improved from 1.1 X 10* to 9.9 X
10° and 9.1 X 10° after oxygen plasma treatment and
annealing, respectively. Moreover, the rejection ratio of the
annealed & plasma-treated device can reach as high as 8.6 X
10° with a peak responsivity of ~39 A W™, indicating the
excellent wavelength selectivity and sensitivity. The significant
suppression of the visible light response of $-Ga,O; solar-blind
photodetectors treated with annealing and oxygen plasma can
be attributed to the decrease of oxygen-related vacancy defects
and the surface states.

In addition, Figure 4a shows the photocurrent-time response
curves of the f-Ga,0; photodetectors under 254 nm UV light
illumination with different power densities at 10 V. All devices
have excellent stability and repeatability. With increasing light
power density from 0.6 to 682 yW/cm? the relationship
between photocurrent (Iphoto) and power density (P) can be
well fitted using the following equation.

I, =AP’

photo
where A is a constant and 0 is the parameter relating to the
trapping and recombination process of the photo-generated
electron—hole pairs in the photodetectors. By fitting the curves
in Figure 4b using this equation, the @ values of as-grown,
plasma-treated, annealed, and annealed & plasma-treated f-
Ga,0; photodetectors can be estimated to be around 0.77,
0.79, 0.81, and 0.84, respectively. The weak increase in € value
after annealing and oxygen plasma treatment suggests the slight
suppression of defect states in }-Ga,O; which is in good
agreement with the XPS results. Notably, the 6 value of
annealed & plasma-treated ff-Ga,0; photodetector (0.84) is
still slightly lower than 1 for the ideal trap-free device, and this
phenomenon may be associated with the defects in Ga,0;
caused by heteroepitaxy and the defects at the electrode/
semiconductor interface.
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Specific detectivity (D*) is another important parameter to
evaluate the detection ability of a photodetector. It can be
calculated by

% _ R
D" = /quIdark/S

where R is the responsivity, q is the elemental charge, Iy, is
the dark current, and S is the effective illumination area of the
device.>**” In this work, the specific detectivity of the annealed
& plasma-treated -Ga,O; film photodetector is calculated to
be 9.0 X 10" cm Hz"* W™ (Jones) owing to the high
responsivity and low dark current. The performance
parameters of $-Ga,O; MSM photodetectors at 10 V are
listed in Table 1. Obviously, the annealed & plasma-treated -
Ga,0; MSM photodetector has the best performance among
the four devices. Table 2 summarizes the performance
parameters of the annealed & plasma-treated B-Ga,0;
photodetector and the other recently reported MSM photo-
detectors based on Ga,O; thin films. The UV—visible rejection
ratio (Rpeak/R400) of our device is ~8.6 X 10° which is among
the highest rejection ratio reported in the literature to the best
of our knowledge. What is more, the specific detectivity, the
responsivity, and the dark current are comparable to or slightly
better than other Ga,O; thin-film devices.

4. CONCLUSIONS

In summary, we have demonstrated MSM solar-blind UV
photodetectors based on f-Ga,O; thin films and systematically
investigated the effects of annealing and/or plasma treatment
on the performance of these devices. It can be found that both
high-temperature oxygen annealing and oxygen plasma treat-
ment could significantly reduce the dark current and greatly
improve the UV—visible rejection ratio and NPDR. Notably,
by combining the effects of high-temperature oxygen annealing
and oxygen plasma treatment on the $-Ga,Oj; film, its solar-
blind photodetector exhibits superior performance with a low
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dark current of ~29 pA at 10 V bias, a high NPDR of 1.3 X
10" W™, and a large rejection ratio (Rpeak/R400) of 8.6 X 10°.
This high performance can be attributed to the reduction of
the oxygen-related vacancy defects and the modification of
surface states of the Ga,O; films after annealing and oxygen
plasma treatment. Our findings suggest that the combination of
high-temperature annealing and plasma treatment is an
efficient way to realize high-performance Ga,O; film-based
solar-blind UV photodetectors.
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