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We have demonstrated the fast-speed and high-rejection-ratio solar-blind ultraviolet (UV) photodetec-
tors based on amorphous Ga;03 (a-Ga,03) films grown by atomic layer deposition. The effect of the
annealing under oxygen atmosphere on the performance of a-Ga;03 photodetectors is investigated. By
the oxygen annealing at 500 °C, the 90-10% decay time of a-Ga;03 photodetector can be decreased to
~150 ns, and the UV/Visible rejection ratio of the photodetector can reach as high as 2.74x 10, due to the

significant suppression of the visible light response. Moreover, the dark current of the 500 °C-annealed
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photodetector is only 9.43 pA at 10 V bias. These phenomena can be explained by the decrease in oxygen
vacancy concentration of the a-Ga;0s films after the oxygen annealing. The combination of high rejection
ratios and fast operating speeds offers a viable way for facile and scalable fabrication of the oxide
semiconductor solar-blind UV detectors.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Owing to the advantages of high selectivity and strong anti-
interference ability, the solar-blind ultraviolet (UV) photodetec-
tors have a wide range of applications, such as flame detection,
missile warning system and confidential communication [1—7]. The
solar-blind UV photodetectors based on wide-bandgap semi-
conductor materials including diamond, AlGaN, ZnMgO and Ga,0s,
have attracted the increasing attention due to their small size, all
solid-state, intrinsic solar-blind, high radiation hardness and so on
[8—13]. Compared with other wide-bandgap semiconductor ma-
terials, Ga;03 possesses suitable bandgap of 4.5 eV—4.9 eV, which is
ideal for solar-blind detection without any additional alloying
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process [14—16]. As the most stable phase of Gap03, f-Gap03 has
been widely used to fabricate the solar-blind photodetectors
[17—25]. For example, Shen et al. [20] have prepared B-GaO3
photodetectors with different thicknesses and the effect of thick-
ness on the device performance has been investigated. Yu et al. [21]
have reported B-Gap03/4H—SiC photodetector with a rise time of
11 ms and a decay time of 19 ms at O V. The metal-semiconductor-
metal (MSM) B-Ga;O3 photodetector with a large rejection ratio
Ro54/3650m of >107 and a high responsivity of 46 A/W have also been
reported by Qiao et al. [25]. However, the preparation of high-
quality B-Gay03 film generally requires ultra-high-vacuum
epitaxy techniques, including molecular beam epitaxy (MBE),
metal-organic chemical vapor deposition (MOCVD), and pulsed
laser deposition (PLD), which increases the costs and hinders its
large-scale practical applications [17,18,20—25]. In addition, to
achieve high-quality films, lattice matching substrates and high
growth temperature are also required. With the development of
flexible optoelectronic devices and large-area photovoltaic devices,
there is an urgent need for materials with low cost, simple prepa-
ration process, large-area production, and low preparation
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temperature. Therefore, more and more attention has been focused
on the amorphous Ga;03 (a-Gay03) due to its lower preparation
technical requirement, lower growth temperature, no need for
lattice matching substrate, easy to form large area and excellent
photoelectric properties [26—30]. Till now, the research on a-Ga;03
photodetector has made a lot of progress, and various methods,
including sputtering and atom layer deposition (ALD), have been
used to fabricate the a-Gay0s3 films and their solar-blind UV pho-
todetectors with relative higher responsivity. Recently, Zhou et al.
[31] and Han et al. [32] have fabricated the high-performance a-
Gay03 photodetectors with the responsivity of 1099 A/W and 436
A/W, respectively. Zhu et al. [33] have demonstrated the a-Ga;03
photodetectors using different growth-temperature, and the a-
Gay03 photodetector grown at 500 °C showed the responsivity of
138 A/W. However, the photodetectors based on a-Ga;0s5 films still
suffer from the following problems: First, the response speed is far
from the strict requirements of modern high-speed detection due
to the persistent photoconductivity (PPC) effect caused by defects
in a-Gay0s film [26,29]. Second, the transition from the valence
band tail state or other defect level to the conduction band may
cause a response to the long-wavelength light, which may reduce
the UV/Visible rejection ratio of detector and seriously reduce the
ability to distinguish the signal from the noise [27,30,34,35]. By
analyzing the previous reports, it can be found that the above
mentioned problems are related to the oxygen vacancies (Vo) in a-
Gay03[28,36]. Although the oxygen vacancy concentration of the a-
Ga03 film could be reduced by adjusting the O-source-flow during
growth, the response speed is still not very quick (more than tens of
us) and it is often accompanied by a dramatically decrease in
responsivity (more than two orders of magnitude).

In this work, the effect of post-annealing on the performance of
a-Gay03 film photodetectors has been investigated. The a-Gay03
films were fabricated on sapphire substrates by ALD and then were
annealed in oxygen atmosphere at different temperatures. When
the annealing temperature is below 550 °C, the samples still remain
amorphous. After the annealing, the response speed of the a-Ga;03
photodetectors could be improved and the 90-10% decay time
decreased from 220 ns (as-grown) to 150 ns (500 °C annealing)
with a decrease in responsivity from 28 A/W to 1.34 A/W. Inter-
estingly, the rejection ratio of a-Gap03 photodetector was enhanced
from 4.3x 103 to 2.74x 10° after annealing at 500 °C. The findings in
this work provide a viable way to achieve high performance Ga;03
solar-blind UV detectors for the requirements of effective detection
and rapid response.

2. Experimental section

The a-Ga,0s3 films were grown on c-Al,03 substrates by ALD
(Kemicro T-ALD150A) in a low vacuum condition of 0.2 torr with
substrate temperature kept at 280 °C. The trimethylgallium (TMGa)
and 03/H,0 were used as a Ga-precursor and an oxygen source,
respectively. The TMGa was kept at the temperature of —5 °C. First,
TMGa precursor was injected into the reaction chamber for 18 ms
followed by N> (40 sccm) purging for 40 s. Next, O3 and H,0 were
introduced into the chamber for 10 s and 15 ms, respectively, and
then the chamber was purged with N3 (40 sccm) for 40 s. The entire
growth time of a-Gay0s3 films was 50 h. After that, the as-grown
films were annealed in an oxygen atmosphere at different tem-
peratures. The surface and thickness of the films were evaluated by
scanning electron microscopy (SEM). The structural property of the
films was characterized by X-ray diffractometer (XRD) (Cu-Ka ra-
diation, A = 0.154 nm). The elemental composition and chemical
state were investigated by X-ray photoelectron spectroscopy (XPS).

The MSM Ga;03 photodetectors were fabricated by using the
standard photolithography and lift-off techniques (see Fig. S1). We

used the semiconductor analyzer (Agilent B1500A) to measure the
current—voltage (I-V) property and the time-dependent photo-
current at room temperature. The spectral response property of the
photodetectors was obtained by using a 150 W UV enhanced Xe
lamp with a monochromator. The transient response spectra of the
photodetectors were recorded by using an oscilloscope (Tektronix
DPO 5104 digital oscilloscope) and a Nd:YAG laser (250 nm).

3. Results and discussion

Fig. 1 shows the top-view and cross-sectional scanning electron
microscopy (SEM) images of the as-grown and the post-annealed a-
Gay03 thin films. It can be seen that all the samples have the flat and
smooth surface, which is further confirmed by the AFM images of
the as-grown and the post-annealed a-Ga;0s thin films (as shown
in Fig. S2). From the SEM images of Fig. 1 and AFM images of Fig. S2,
it can be obtained that few particles can be found on the surface of
as-grown a-Ga,0s film, and the number of particles would decrease
after annealing. With increasing the annealing temperature, almost
no change can be found in the thickness of all the a-Ga,0s3 films
(around 90 nm), which should be associated with the higher den-
sity of the ALD grown films and the relatively lower annealing
temperature. Fig. 2(a) shows the transmission spectra of the as-
grown and oxygen annealed a-GaOs films on sapphire sub-
strates. It is obvious that the annealed Ga,0s3 films under different
temperatures have the similar light absorption property with the
as-grown sample. All the samples showed the average trans-
mittance over 95% in the visible region with sharp absorption edges
at ~250 nm. In order to investigate the structural properties of the
different Ga,0s films, the X-ray diffractometer (XRD) measurement
was carried out for the a-Ga,Os films as shown in Fig. 2(b). When
the annealing temperature was below 500 °C, no signature peak
can be observed for the annealed Ga,0s films besides the (0006)
diffraction peak of the sapphire substrates, indicating the same
amorphous nature with the as-grown sample. As the annealing
temperature increased to 550 °C, the amorphous sample begins to
crystallize (see Fig. 2(b)), and the diffraction peaks appeared at
20 = 37.2° and 38.3° can be assigned to the (401) and (—402) planes
of monoclinic B-Ga;03 (JCPDS: 43—1012), respectively. When the
annealing temperature reached 650 °C, the XRD result showed that
the thin film had been transformed from amorphous phase into
monoclinic -Gay03 structure (see Fig. S3).

In order to investigate the optoelectronic properties of a-Ga;03
with and without annealing, metal-semiconductor-metal (MSM)
photodetectors were fabricated on these films. Fig. 3(a) presents a
schematic diagram of the Ga;03 MSM photodetector. 25 pairs of Au
(30 nm thick) interdigitated electrodes with 10 um in width and
500 pm in length and 10 pm in space were fabricated on the a-
Gay03 films using the standard photolithography and lift-off tech-
niques. Au metal contacts were deposited by ion sputtering.
Fig. 3(b) describes the I-V characteristic curves of the different
Gay03 photodetectors in the dark with the voltage sweeping from
-15 V to 15 V in steps of 200 mV. As shown in Fig. 3(b), the dark
current of the annealed Gap0s photodetectors was obviously
smaller than that of as-grown Ga;03 photodetector, and the dark
current of the photodetectors decreased slightly with increasing
the annealing temperature, which may be associated with the
reduction of oxygen vacancy defects in the GapOs3 films [38].
Notably, the [-V curve of as-gown and low-temperature-annealed
a-Gay03 photodetectors showed an obvious asymmetric behavior
when the voltage was swept from —15 V to 15 V. This phenomenon
was commonly observed in metal/Ga;03_x/metal structure based
on oxygen deficiency gallium oxide thin films [39,40], and thus the
asymmetric [-V behavior of as-gown and low-temperature-
annealed a-Ga;03 photodetectors should be related to the oxygen



C. Zhou et al. / Journal of Alloys and Compounds 840 (2020) 155585 3

As-Grown [

Fig. 1. Top-view and cross-sectional SEM images of the as-grown a-Ga,0j3 thin film (a) and the Ga,0s thin films annealed at 350 °C (b), 450 °C (c), 500 °C (d) and 550 °C (e).
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Fig. 2. (a) Transmission spectra and (b) XRD patterns of the Ga,0s films with and without annealing.

vacancy defect in the films. Fig. 3(c) gives the -V curves of the
photodetector under 254 nm UV light illumination. It can be clearly
obtained that the photocurrent of the a-Ga;O3; photodetectors
decreased gradually with increasing the annealing temperature,
and once the crystallization of a-Ga;Os occurred after 550 °C
annealing, the photocurrent was significantly reduced.

The response properties of the a-Ga,O3 photodetectors were
measured by using a 150 W UV enhanced Xe lamp with a mono-
chromator. Fig. 4(a) shows the spectral responses of the as-grown
and annealed Ga;03 photodetectors under a bias of 10 V plotted
on a logarithmic scale. The peak responses of the Ga;03; photode-
tectors occur at around 250 nm. After the annealing in oxygen at
different temperatures, the responsivities of the photodetectors
showed an obvious decrease. In particular, 500 °C annealing could
decrease the responsivity from 28 A/W to 1.34 A/W. According to
the previous reports, the oxygen vacancies in the absorbing layer
could capture the excess photogenerated carriers, reducing the
electron-hole recombination and in turn leading to a high
responsivity [41,42]. Thus, the decrease in oxygen vacancies should
be responsible for the reduction of photocurrent of the a-Gay03
photodetectors after oxygen annealing. The rejection ratio (R2s5onm/
R400nm) of the a-Ga,03 photodetectors, which is defined as the ratio
of the responsivity values at 250 nm and 400 nm, is only 4.3x10>
for the as-grown a-Ga,0s3 device. Interestingly, with the annealing
temperature increasing, the rejection ratios were improved from 3
orders to 5 orders of magnitude due to the significant suppression

of the visible light response. Notably, the UV/Visible rejection ratio
of the photodetector annealed at 500 °C is as high as 2.74x 10,
which is greater than any other previously reported a-Ga;0O3 pho-
todetectors to the best of our knowledge. This phenomenon can be
attributed to the decrease of oxygen vacancy defects, which usually
cause the extrinsic transitions from the defect levels to the con-
duction band [27,30,43]. This excellent wavelength selectivity is
helpful to highly sensitive solar-blind photodetection. The repeat-
ability is also an important factor in determining the long-term
stable dynamic operation of a photodetector. The time depen-
dence of photocurrent property was measured at 10 V by switching
ON/OFF 254 nm light with a power density of 1.39 mW/cm?. As
presented in Fig. 4(b), all photodetectors demonstrated excellent
reproducibility and stability during operation.

To further investigate the response speed of a-Ga;03 photode-
tectors, the transient response property was measured at 10 V by
using a pulsed Nd:YAG laser with a wavelength of 250 nm (the laser
pulse width was 10 ns, and the frequency was 10 Hz). The response
time is defined as the time interval between the 10% and 90% of
amplitudes. As shown in Fig. 5, the 10—90% rise times ¢t for all
photodetectors are around 10 ns, which should be limited by the
laser pulse width. The 90-10% decay times t; decrease gradually
with increasing the annealing temperature, and it can reach as
short as 140 ns after 550 °C annealing. In order to better understand
the effect of annealing temperature on a-Gay0s3, Table 1 summa-
rizes the performance of all the Ga;03 detectors with and without
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Fig. 3. (a) Schematic illustration of the photodetector. -V curves of the photodetec-
tors in the dark (b) and under UV 254 nm light illumination (c) (The inset is the [-V
curve with y scale setting to log).

oxygen annealing. It can be clearly found that the Ga,03 UV
photodetector annealed at 500 °C has the best overall performance
among the devices based on amorphous materials. Furthermore,
Table 2 summarizes the performance parameters of our a-Ga,03
photodetector annealed at 500 °C and the other recently reported
photodetectors based on Ga0s3 films [22—24,26—-30,35,37,47,48]. It
is clear that our Ga;03 photodetector has the fastest response speed
(t- = 10 ns, tg = 150 ns) and the highest rejection ratio (2.74x10°).

The a-Ga03 photodetectors in this work exhibited an obvious
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Fig. 4. (a) Photoresponsivity spectra of the photodetectors biased at 10 V. (b) Time-
dependent photocurrent of the photodetectors at 10 V under 254 nm light
illumination.

improvement in the photoresponse speed and the rejection ratio
after the annealing in oxygen atomsphere. To further explain the
detailed mechanism of the abovementioned phenomenon, the X-
ray photoelectron spectroscopy (XPS) measurement has been car-
ried out on the as-grown and annealed a-Ga,O3 films. In order to
avoid the influence of oxygen adsorption on the film surface,
sample surface was etched before recording the XPS data. Fig. 6
describes the Ol1s XPS spectra of the a-GaOs; films with and
without annealing. Each O1s spectrum could be deconvoluted into
two components based on Gaussian fitting analysis: one peak (Oj) is
at around 530.5 eV from the contribution of O—Ga bonds of Ga;03
and another one (Oy) at around 531.2 eV can be attributed to the
0% ions in the oxygen-deficient regions [37,44—46]. We can see
that the Oy peak is highly suppressed after annealing under the
oxygen atmosphere. In addition, the intensity ratio of Oy/(O; + Oy)
which reflects the densities of oxygen vacancies were calculated to
be 46%, 41%, 39%, 38% and 35% for the as-grown, 350 °C-, 450 °C-,
500 °C- and 550 °C-annealed Ga,0s3 films, respectively. And we also
calculated the O/Ga ratio of different Ga;03 films. According to the
O1s and Ga2ps), peak intensities, the O/Ga ratios of the all a-Ga;03



C. Zhou et al. / Journal of Alloys and Compounds 840 (2020) 155585 5

t,=140 ns

>
&
€ [ t,=150 ns
o 500 °C
e
=]
o t,=170 ns
©
o
N
® t~=210 ns
= 350 °C
—
O
< 1 t,=220 ns
As-Grown
0 100 200 300 400 500
Time (ns)

Fig. 5. Transient photoresponse of photodetectors at 10 V under the illumination of a
250 nm pulsed laser.

films were estimated to be 0.20, 0.23, 0.24, 0.27 and 0.29 for the as-
grown, 350 °C-, 450 °C-, 500 °C- and 550 °C-annealed Ga0s films,
respectively. From the XPS result, it is suggested that the oxygen
vacancy concentration obviously decreased with increasing the
annealing temperature under the oxygen atmosphere. Generally,
oxygen vacancy defects in the Ga,Os3 films could act as electron
traps that reduce the electron-hole recombination and in turn

Table 1

could help in effective photodetection. Meanwhile, the trapping
effect of oxygen vacancy would increase the response time. Addi-
tionally, the additional visible light absorption related to the oxygen
vacancy defect levels could cause the photoresponse in the visible
region, decreasing the UV/Visible rejection ratio. Therefore, the
oxygen annealing on the a-Ga;0s3 films can enhance the rejection
ratio and the response speed of the detectors with a decrease in
responsivity. To further confirm the mechanism of the performance
enhancement of Ga;03 photodetector by oxygen annealing, the a-
Gay03 films were annealed under Ar atmosphere and their pho-
todetectors have also been realized and investigated. After
annealing in Ar at 500 °C, no obvious change can be found in the
XRD, transmission spectrum and O1s XPS spectrum for a-Ga;03
(see Fig. S4). Meanwhile, both the dark current and the responsivity
were decreased slightly, and the UV/Visible rejection ratio showed
no big change (see Fig. S5). By comparing the performance of Ga;03
photodetectors annealed under Ar and O, atmospheres at 500 °C, it
can be confirmed that the performance enhancement of the de-
tector annealed under O, atmosphere is related to the reduction of
oxygen vacancies in the film.

4. Conclusions

In summary, solar-blind UV photodetectors with fast-speed and
high-rejection-ratio were fabricated on a-Ga;0s3 film by ALD. The
effect of the post-annealing under oxygen atmosphere on the
performance of a-Ga;Os; photodetectors has been investigated.
With the increase of the annealing temperature, the response
speed and the rejection ratio of the photodetectors increased
obviously. After the oxygen annealing at 500 °C, the 90-10% decay
time and the rejection ratio of a-Ga;Os photodetector were
respectively around 150 ns and 2.74x10°, which are much better
than that of the any previously reported a-Ga,03 based photode-
tectors. And the XPS results suggested that the decrease of oxygen

The performance parameters of all the 550 °C crystalline and the amorphous Ga,03; photodetectors at 10 V.

Annealing temperature Dark current (pA)

Responsivity (A/W)

90-10% decay time (ns) Rejection ratio

As-Grown 43.6 28 220 4.3%10°

350 °C 17.2 9.5 210 2.6x10°

450 °C 14.6 537 170 2.34x10%

500 °C 9.43 1.34 150 2.74x10°

550 °C 0.26 0.405 140 1.10x10°

Table 2
The performance parameters of our a-Ga,03 photodetector annealed at 500 °C and the other recently reported photodetectors based on Ga,0s3 films.
Detector Method Film thickness/electrode Dark current Responsivity (A/  90-10% decay Rejection Ref.
spacing (pA) W) time (s) ratio
a-Gay03 (500 °C annealing in ~ ALD 90 nm/10 um 9.43@10V 1.34@10V 150x107° 2.74x10° This
0,) work

a-Gay03 magnetron 125 nm/5 pm 16.3x10° 55.5@5 V 769.4x10°° 10 26
sputtering

a-Gay03 magnetron —/- 338.6@10 V 76.26@10 V 0.02 1.15x10° 27
sputtering

a-Gay03 ALD 30 nm/30 pm 200@10 V 45.11@20 V 148x10°° — 28

a-Ga,03 magnetron 250 nm/2 pm — 0.19@10V 19.1x10°6 — 29
sputtering

a-Gay03 magnetron -/5 pm 4040@10 V - 03 10* 30
sputtering

B-Ga,03 LMBE 200 nm/200 pm 1.28x10° — 1.02/16.61 - 22

B-Gay03 MOCVD -/100 pm - 0.07 — - 23

B-Gay03 PLD 220 nm/100 pm 12@5V 0.903@5 V - 7867 24

B-Ga03 RFMS 318 nm/100 pm 110@10 V - 0.05/0.92 10° 35

B-Ga,03 LMBE -/100 pm 5x10% - 0.83/8.14 - 37

a-Ga03 LMBE -/200 pm 1200 0.015@20 V - - 47

0-Gay03 ALD 30 nm/- 0.5@10 V 0.76@20 V 89x107° 10% 48
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Fig. 6. O1s XPS spectra of the as-grown (a), 350 °C-annealed (b), 450 °C-annealed (c), 500 °C-annealed (d) and 550 °C-annealed (e) Ga,0s.

vacancy concentration should be responsible for the response
speed and the rejection ratio improvement of the annealed a-Ga;03
photodetectors. The findings in this work provide a viable way to
realize the high-performance a-Ga;03 solar-blind UV detectors.
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