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Abstract— Astamp-basedprinting technique was applied
to transfer the β-Ga2O3 films grown by pulsed laser deposi-
tion (PLD) from Si substrates onto some flexible substrates,
such as PET, PEN, and PI. It is demonstrated that the
β-Ga2O3-based flexible solar-blind photodetectors (SBPDs)
exhibit brilliant optoelectrical performances with a low dark
current of 1.7 pA at 10 V, a I254nm/Idark ratio of 1.2 × 103,
rise (τr 1 = 0.079 s and τr 2 = 0.413 s) and decay (τd 1 = 0.029 s
and τd 2 = 0.316 s) times. In a further step, flexible imaging
sensor arrays based on the β-Ga2O3/PET were fabricated,
which exhibit good imaging capability and resolution. More-
over, wearable UVC-alarms based on the β-Ga2O3/PET were
realized to monitor the UVC radiation in the environment in
real time, which can be used in the COVID-19-related area.

Index Terms—β-Ga2O3 films, pulsed laser deposi-
tion, stamp-based printing technique, flexible solar-blind
photodetectors.

I. INTRODUCTION

ULTRA-VIOLET light can be divided into three regions:
UVA (400 nm-320 nm), UVB (320 nm-280 nm) and UVC

(280 nm-100 nm) [1]. Among them, the UVC from solar radia-
tion is almost absorbed by the ozone layer and cannot reach the

Manuscript received 4 September 2022; accepted 13 September
2022. Date of publication 16 September 2022; date of current version
24 October 2022. This work was supported in part by the National
Natural Science Foundation of China under Grant 62090013, Grant
62074058, Grant 61974043, and Grant 61974044; in part by the
National Key Research and Development Program of China under Grant
2019YFB2203403; in part by the Projects of Science and Technology
Commission of Shanghai Municipality under Grant 21JC1402100 and
Grant 19511120100; and in part by the Program for Professor of
Special Appointment (Eastern Scholar), Shanghai Institutions of Higher
Learning. The review of this letter was arranged by Editor T.-Y. Seong.
(Corresponding authors: Liangqing Zhu; Zhigao Hu.)

Xin Zhou, Ming Li, Jinzhong Zhang, Liyan Shang, Kai Jiang,
Yawei Li, and Liangqing Zhu are with the Technical Center for Multifunc-
tional Magneto-Optical Spectroscopy (Shanghai) and the Engineering
Research Center of Nanophotonics & Advanced Instrument (Ministry of
Education), Department of Physics, School of Physics and Electronic
Science, East China Normal University, Shanghai 200241, China (e-mail:
lqzhu@ee.ecnu.edu.cn).

Junhao Chu and Zhigao Hu are with the Technical Center for Multifunc-
tional Magneto-Optical Spectroscopy (Shanghai) and the Engineering
Research Center of Nanophotonics & Advanced Instrument (Ministry of
Education), Department of Physics, School of Physics and Electronic Sci-
ence, East China Normal University, Shanghai 200241, China, and also
with the Collaborative Innovation Center of Extreme Optics, Shanxi Uni-
versity, Taiyuan, Shanxi 030006, China (e-mail: zghu@ee.ecnu.edu.cn).

Color versions of one or more figures in this letter are available at
https://doi.org/10.1109/LED.2022.3207314.

Digital Object Identifier 10.1109/LED.2022.3207314

surface of the earth (i.e., solar-blind) [2], [3], [4]. Therefore,
solar-blind photodetectors (SBPDs) will not be interfered by
sunlight signals, which are widely used in many important
fields, such as missile tracking, solar-blind communication
system and fire warning [5], [6], [7], [8], [9], [10], [11],
[12]. Ga2O3 [12], BN [13], [14], [15], diamond [16], [17],
AlN [18] GaN [19], [20], and AlGaN [21], [22] are often
used to fabricate SBPDs. Among them, Ga2O3 has become
one of the strong candidates for fabricating SBPDs due to the
ultra-wide band gap (∼4.9 eV), which is located in the solar-
blind spectra. Moreover, Ga2O3 has a high chemical/thermal
stability and a simple preparation process.

With the rapid spread of the COVID-19, UVC sterilization
devices are used to eliminate these viruses. However, contin-
ued exposure of UVC will lead to health problems, such as
skin damage and retinal damage [3]. It is necessary to monitor
UVC radiation in the environment anytime and anywhere to
alarm a stranger. However, SBPDs designed on traditional
hard substrates (i.e., sapphire, Si) cannot satisfy the new
demands, such as wearable, flexible, bendable and portable.
Some efforts have been applied to design and fabricate Ga2O3-
based flexible SBPDs. Amorphous Ga2O3 (a-Ga2O3) films are
often used to fabricate SBPDs on flexible organic subtracts
without undergoing a high-temperature process. It is reported
that the a-Ga2O3 SBPD exhibits a I254 nm/I dark ratio of up to
4.5 × 104 with a dark current down to 10−13 A [23]. The
responsivity of the a-Ga2O3/ZnO heterojunction photodetec-
tors increases 3.8 times (from 0.65 A/W to 2.49 A/W) and
the response time decreases 43% (from 368 ms to 147 ms)
by applying a tensile strain of 0.57% on the flexible PET
substrates [24].

Unfortunately, the a-Ga2O3-based SBPDs always have a
high dark current and a long response time due to the
defect-related persistent photoconductivity [25]. In order to
overcome the challenge, β-Ga2O3-based flexible photode-
tectors have been fabricated [25], [26], [27], [28], [29].
Flexible β-Ga2O3 photodetectors on mica substrate demon-
strated an excellent performance, including a I254 nm/I dark ratio
larger than 106, responsivity of 1.3 A/W and decay speed
of 0.026 s [25]. Li et al. mechanically exfoliated Ta-doped
β-Ga2O3 flake from a β-Ga2O3 bulk single crystal to fabricate
the SBPDs with a high responsivity of 1.32 × 106 A/W,
a large detectivity of 5.68 × 1014 Jones and a fast response
time of 3.50 ms [26]. However, the size of β-Ga2O3 flake is
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small and uncontrollable, which is not suitable for the scale
production of Ga2O3-based flexible SBPDs.

In this work, β-Ga2O3 films with a (2̄01)-preferred ori-
entation were grown on Si(100) by pulsed laser deposition
(PLD). A stamp-based printing technique is successfully used
to transfer the as-deposited β-Ga2O3 films from Si substrates
onto flexible PET substrates. The β-Ga2O3-based flexible
SBPDs exhibite a good optoelectronic performance and sta-
bility under different bending stresses. In a further step, the
flexible imaging sensor arrays (5 × 5) exhibit good imaging
capability and resolution. Moreover, wearable UVC-alarms
based on the β-Ga2O3/PET were fabricated to monitor UVC
radiation in the environment for the COVID-19.

II. EXPERIMENTAL

A Ga2O3 seed layer was pre-deposited on the Si(100)
substrates for 5 min at 500 ◦C with a partial oxygen pressure of
40 mTorr to avoid the interface stress between Ga2O3 films and
Si substrates [31]. After that, the oxygen gas was turned off.
The sample temperature increased to 750 ◦C and then main-
tained for 30 min. Afterward, Ga2O3 films were deposited for
60 min at 750 ◦C with a partial oxygen pressure of 20 mTorr.
Then, the as-deposited films had been annealed for 60 min in
a vacuum of 10−6 Pa without oxygen, the process is shown in
Fig. 1(a).

Next, PMMA950K was spin-coated on the Ga2O3/Si sam-
ples. Hydrofluoric solution (49 mol% HF) was uesd to remove
the SiO2 layer at the interface between the Ga2O3 film and
Si substrate [32]. Then the peeled films were transferred
onto flexible PET substrates following by baking for 5 min
at 50 ◦C, and the PMMA was removed by acetone, as shown
in Fig. 1(b). Finally, two-terminal (2 nm/60 nm Ti/Au) SBPDs
were fabricated by a thermal evaporator.

The crystalline structure and composition of β-Ga2O3 films
were analyzed by X-ray diffraction (XRD) and X-ray photo-
electron spectroscopy (XPS), respectively. An accurate semi-
conductor parameter analyzer (Keithley 4200-SCS) was used
to probe the optoelectrical performance of the Ga2O3-based
flexible SBPDs. The UVC light source (254 nm) is produced
by a UV quartz tube with a pure UVC filter.

III. RESULTS AND DISCUSSION

In Fig. 1c, the X-ray diffraction peaks (�) of PET sub-
strates (27◦ and 56◦) are detected in the a-Ga2O3/PET and
β-Ga2O3/PET samples. It suggests that the a-Ga2O3 films
is amorphous, while the β-Ga2O3 films are polycrystalline.
For the case of β-Ga2O3/Si, there are three peaks nearby
18.9◦, 38.4◦, and 59.1◦, which are corresponding to the (2̄01),
(4̄02), and (6̄03) crystal planes of β-Ga2O3 (JCPDF Card: No.
43-1012), respectively. For the case of the films transferred
from Si onto PET substrates, the widths of the (2̄01) peaks
become large and the intensities decrease, indicating a smaller
average grain size,which is consistent with the AFM results
(cf., Fig. 1e and 1f). It indicates that the films were partially
etched in the transfer process due to the grain boundary
scattering [33]. The XPS spectra indicate that the O/Ga ratio
values of the β-Ga2O3 films on Si and PET substrates are
about 1.50, while that of a-Ga2O3 films on PET is about 1.1
(cf., Fig. 1d). It means that there exist many oxygen defects in

Fig. 1. (a) Schematic diagram of the growth process of β-Ga2O3 film
on Si(100) substrates by PLD. (b) Schematic flow chart of β-Ga2O3
films transferred from Si onto PET substrates. (c) XRD and (d) full XPS
spectrum of the β-Ga2O3/PET, β-Ga2O3/Si and a-Ga2O3/PET. AFM
images of the β-Ga2O3 film (e) before and (f) after transfer (scanning
range: 2 μm×2 μm; hight range: 0 -25nm).

Fig. 2. (a) A response spectrum of a β-Ga2O3/PET-based SBPD as
a function of illumination wavelength. Inset: microscope photograph of
a SBPD. (b) Photocurrent and responsivity of the SBPD as a function
of illumination power density (Pin). (c) I-V and (d) I-t curves of the
β-Ga2O3/PET-based flexible SBPD. (e) I-V and (f) I-t curves of the
a-Ga2O3/PET-based flexible SBPD.

a-Ga2O3 films. Therefore, the photogenerated carriers in the
a-Ga2O3 films are easily captured by these oxygen defects,
resulting in a slow response speed [34].

Responsivity (R) of a photodetector is defined as R =
Iphoto/(Pin×S). Here, Iphoto, Pin and S represent the pho-
tocurrent, power density of the incident light, and effective
working area of the devices, respectively [35]. The response
spectrum of a β-Ga2O3/PET-based flexible SBPD in Fig. 2a
reveals that the response wavelength region is about 200-
270 nm, which coincides with the solar-blind region. More
carriers are generated as the Pin of 254 nm-light increases,
leading to a high photocurrent, as shown in Fig. 2b. The
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TABLE I
COMPARISON OF THE KEY PARAMETERS OF FLEXIBLE Ga2O3 PDS

Fig. 3. (a) Photographs of a β-Ga2O3/PET-based flexible SBPD with
the various bending angles of 0, 60, 120, and 180 ◦. I-t curves of the
device at 10V (b) with different bending angles and (c) without bending
and after 1000 bending cycles.

responsivity of SBPD in Fig. 2b decreases with increasing the
Pin since the photocurrent tends to be saturated. In Fig. 2c, the
β-Ga2O3-based flexible SBPDs have a low dark current (Idark)
of 1.7 pA at 10 V and a I254 nm/Idark ratio of 1.2 × 103. The
UVC light pulse with a period of 5 s was applied to the
device to probe the response times, as depicted in Fig. 2d. The
I-t curves were fitted by the biexponential relationship [18]:
I = I0+Ae−t/τ1+Be−t/τ2 . Here, I0 is the photocurrent at the
steady state, A and B are fitting constants, and τ1 and τ2 are
the relaxation times of the fast and slow response components
of the rise/decay edges, respectively. The SBPDs based on
β-Ga2O3 films have a fast response with rise (τr1 =0.079 s
and τr2 =0.413 s) and decay (τd1 =0.029 s and τd2 = 0.316 s)
times.

For comparison, a-Ga2O3 films on PET substrates were
deposited by PLD at room temperature under the same partial
oxygen pressure of 20 mTorr. The corresponding photoelec-
tronic responses are presented in Figs. 2e and 2f. The Iphoto
and Idark of a-Ga2O3-based flexible SBPDs are larger than
those of the β-Ga2O3-based ones due to the more oxygen
vacancies in the a-Ga2O3 films [34]. The corresponding
response time (τd2 =0.316 s) of the β-Ga2O3 based photode-
tectors is much shorter than that of a-Ga2O3 (τd2 =2.388 s)
due to the persistent photoconductivity effect [25]. Table I
shows a comparison of our work with some other Ga2O3-
based flexible SBPDs [23], [24], [25], [26], [27], [28], [29],
[30].

The optoelectronic properties of the β-Ga2O3-based flexible
SBPDs at the various bending states (the corresponding strain:
0%, 0.17%, 0.23% and 0.38%) are investigated as shown in
Fig. 3. The I-t curves are essentially coincident at different
bending angles, which indicates that the effect of bending

Fig. 4. (a) Photograph of the flexible imaging sensor arrays.
(b) The bottom figures “ECNU” show the corresponding images acquired
from the sensor arrays under the UVC illumination through the above
photomasks. (c) The circuit of wearable UVC-alarms based on the
β-Ga2O3/PET PD and the corresponding photographs on clothes when
UVC (d) OFF and (e) ON.

stress can be ignored. Moreover, no obvious optoelectronic
performance degradation is observed after 1000 bending cycles
in Fig. 3c. The results reveal that the flexible β-Ga2O3-based
SBPDs have excellent stability and reliability.

In a further step, flexible solar-blind imaging sensor arrays
were fabricated consisting of an array cell of 5 × 5 β-Ga2O3-
based flexible SBPDs. The sensor arrays were stuck to a
5 cm-diameter hemisphere, as shown in Fig. 4a. In Fig. 4b, the
photomasks “ECNU” were placed above the flexible imaging
sensor arrays. Under the UVC illumination (254 nm), the
corresponding optical pattern is generated on the flexible
imaging sensors. The unshaded areas have high photocurrent,
while shaded areas have low dark currents. Note that the output
currents of each SBPD unit from low to high corresponds to
different colors from white to blue. The “ECNU” pattern can
be clearly detected, which means that the flexible imaging
sensor arrays have excellent imaging capability and resolution.

Wearable UVC alarms based on β-Ga2O3/PET were fab-
ricated to monitor UVC radiation, which can be used in the
COVID-19-related area. The corresponding circuit is shown
in Fig. 4c. When UVC light is OFF, the resistance of the
SBPD is large. The gate voltage of the MOSFET is lower
than the threshold voltage (2 V). Therefore, the MOSFET
is in the off state, and the LED does not work, as shown
in Fig. 4d. On the contrary, the SBPD resistance decreases
suddenly when the UVC light is ON. The MOSFET is in the
on state and the LED works (cf., Fig. 4e).

IV. CONCLUSION

In summary, β-Ga2O3 films have been deposited on Si(100)
substrates by PLD. The as-deposited films were transferred
from Si onto PET substrates by the stamp-based printing
technique. The flexible SBPDs based on the β-Ga2O3/PET
exhibit an optimum optoelectrical performance with a low
dark current of 1.7 pA at 10 V, a high I254 nm/Idark ratio
of 1.2 × 103, rise (τr1 =0.079 s and τr2 =0.413 s) and
decay (τd1 =0.029 s and τd2 =0.316 s) times, and good
stability and repeatability under bending stress. Finally, flex-
ible imaging sensor arrays and wearable UVC-alarms were
realized, which demonstrate the practical applications of
β-Ga2O3-based flexible SBPDs in the fields of solar-blind
photodetection.
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