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A self-powered flexible UV photodetector based
on an individual ZnO-amorphous Ga,O3
core—shell heterojunction microwiref
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Self-powered wide band gap semiconductor ultraviolet (UV) photodetectors based on one-dimensional (1D)
micro/nanowires have attracted considerable attention on account of their wide potential applications. Here,
amorphous Ga,Oz was sputtered onto a ZnO microwire at room temperature using magnetron sputtering
to form a self-powered ZnO-amorphous Ga,Oz core—shell heterojunction microwire UV photodetector.
The low temperature growth process of the Ga,Os shell and its amorphous properties make the core—shell
structure have a clear interface and it can maintain excellent performance stability under the condition of
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stress. The heterojunction device exhibits commendable rectifying properties with a rectification ratio of
~20.7 at £2 V. Furthermore, a high peak responsivity of 131.4 mA W™t at 265 nm and a fast response
speed of <1 s can be observed at O V. Even more interestingly, the photoelectric performance of the
device hardly changes under various bending conditions, indicating its potential for flexible applications.
Our findings in this work open up a new pathway for the design of flexible, self-powered photodetectors.
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Introduction

Ultraviolet (UV) detectors, which transform UV light into electrical
signals, are extensively utilized in various sectors, including
environmental surveillance, medical applications, and missile
tracking." With the escalating crisis in energy, the demand for
UV photodetectors that are both highly efficient and consume
minimal energy is critical. Devices like heterojunction, PN junc-
tion, and Schottky detectors can function autonomously without
any external bias voltage due to their built-in electric field, offering
substantial benefits for the development of advanced self-powered
UV photodetectors.”” In particular, self-powered UV photodetec-
tors employing wide-bandgap inorganic semiconductors (e.g.,
ZnO, Ga,03;, GaN) are receiving considerable attention. The
advantages of these wide-bandgap semiconductor UV photode-
tectors include their compact size, robust stability, and intrinsic
visible blindness (the obviation of external optical filters).**>

In a variety of cutting-edge applications, the interest in
flexible photodetectors is surging, particularly due to their
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immense promise for mobile information technologies and wear-
able optoelectronic instruments. The one-dimensional (1D) micro/
nanowire core-shell heterostructure, as a configuration conducive
to flexibility, amalgamates the merits of disparate functional
materials while retaining the intrinsic advantages of 1D substances,
such as superior crystallinity, an extensive surface-to-volume ratio,
enhanced sensitivity, and aptness for pliable devices."**' Cru-
cially, when used as a photodetector, this core-shell heterojunc-
tion is capable of self-powered operation.'®*"** Zinc oxide (ZnO)
emerges as a preeminent substance for crafting 1D micro-nano
core-shell UV photodetectors, thanks to its broad direct bandgap
(E; = 3.37 eV), substantial absorption coefficient, formidable
resistance to radiation, a plethora of micro-nanostructures, and
eco-compatibility.>*® To date, there has been notable advance-
ment in the creation of one-dimensional core-shell UV photo-
detectors, particularly using ZnO micro-/nano-wires as the
foundational layer coupled with other wide-bandgap semiconduc-
tors as the outer layer.'®'®'9293% Typically, B-Ga,0;, with a
bandgap of ~4.9 eV, is often used to construct core-shell hetero-
structures with ZnO micro-/nano-wires for self-powered UV
photodetection.’®'®'% A high responsivity of 9.7 mA W' has
been achieved at 0 V in a ZnO-Ga,O; core-shell heterostructure
microwire synthesized via a straightforward one-step chemical
vapor deposition (CVD) approach.'® Moreover, it has been demon-
strated that the detection could be enhanced by applying certain
static strains on the ZnO-Ga,O; core-shell heterojunction micro-
wire through the piezo-phototronic effect.'® In addition, a fast
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response speed (rise time ~28.9 ps, fall time ~ 85.7 ps) and a high
responsivity of 137.9 mA W' under 254 nm light were observed in
a ZnO/Ga,0; core/shell nanowire array photodetector without an
exterior power supply.>* However, the synthesis temperature for the
B-Ga,O; shell is usually significantly high, which leads to mutual
diffusion of the core-shell interface, and then affects its UV photo-
electric detection performance.>'* Meanwhile, the single-crystal
nature of the -Ga,O; shell makes the interface properties of ZnO--
Ga,0; core-shell wire heterojunctions greatly affected by stress,
which limits their application in flexible devices.

Recently, amorphous Ga,O; (a-Ga,0;) materials have risen to
prominence in the field of UV photodetection, lauded for their
exceptional photoelectric properties, the feasibility of low-
temperature growth, and the absence of the requirement for
lattice-matched substrates.>° Therefore, the integration of a-
Ga,0; instead of B-Ga,0O; into ZnO-Ga,0; core-shell heterostruc-
tures is expected to address the challenge of high-temperature
mutual diffusion between the shell and ZnO core and flexible
application ability. In this study, we employed magnetron sputter-
ing to deposit a-Ga,0; onto ZnO microwires grown via chemical
vapor deposition, to construct a self-powered ZnO-a-Ga,0O; core-
shell heterojunction microwire UV photodetector. The interface
between a-Ga,O; and ZnO is distinctly sharp, endowing the device
with commendable rectifying behavior and photoresponse capabil-
ities even without an applied bias voltage. Notably, the device’s
photoelectric performance remains consistent under flexed condi-
tions. These experimental outcomes offer valuable perspectives for
the development of straightforward, economical, flexible, and self-
powered UV photodetectors, with promising implications for por-
table and wearable electronic applications.

Experimental section
Preparation of ZnO microwires

ZnO microwires were fabricated through a simple chemical vapor
deposition (CVD) technique utilizing a blend of ZnO powders and
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graphite powders in a 1:1 weight ratio as the reactant source
material. The powder mixture was put into an alumina boat with a
clean silicon (Si) chip as the substrate over the powder. Then, the
alumina boat was placed in the center of the tube furnace. The
boat’s temperature was raised to 1030 °C with a heating rate of
10 °C per minute and maintained for 60 minutes, promoting the
synthesis of ZnO microwires. Argon (Ar, 4N purity) and oxygen
(O,, 5N purity) served as the carrier and oxidizing gases, with flow
rates of 100 sccm and 10 sccm, respectively. Upon completion of
the growth process, the furnace underwent a natural cooling
phase down to ambient temperature (25 °C), during which it
was consistently flushed with oxygen and argon gases.

Fabrication of the device

Fig. 1 delineates the fabrication schematic of the ZnO-a-Ga,0;
core-shell heterojunction microwire photodetectors. A ZnO
microwire grown by the CVD method was picked up from the
boat using a sharp tweezer, and then placed on a flexible poly-
ethylene terephthalate (PET) substrate. The electrode of ZnO was
formed by depositing indium at one end of the microwire,
followed by a heat treatment at 200 °C to ensure an optimal
ohmic contact. The microwire was then masked using adhesive
tape. In the subsequent stage, a-Ga,O; was sputtered onto the
microwire to form a ZnO-a-Ga,0; core-shell heterostructure at
ambient temperature (25 °C) and a pressure of 0.5 Pa. The
sputtering process was performed at 100 W for an hour using
high-purity Ga,0; ceramic and Ar gas as the target and sputtering
gas, respectively. After finishing the sputtering procedure, the
mask tape was removed and the indium electrode was prepared
on a-Ga,0; shell. Finally, the device was annealed at 200 °C to
ensure an optimal ohmic contact while eliminating the stress on
the microwire caused by indium electrodes on both sides.

Characterization of the materials and devices

The morphology of the samples and elemental composition
were characterized by a scanning electron microscope (SEM,
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Fig. 1 Schematic fabrication process of the ZnO-Ga,Os core—shell heterojunction microwire photodetector.
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Hitachi S-4800) combined with an energy dispersive spectro-
meter (EDS). And the crystalline structure was tested by X-ray
diffraction (XRD, Bruker D8GADDS). The current-voltage (I-V)
and time-dependent current (I-¢) characteristics of the device
were measured using a semiconductor device analyzer (Agilent
B1500A).

Results and discussion

The analytical characterization was conducted on ZnO micro-
wires synthesized via CVD and Ga,O; films deposited through
magnetron sputtering onto ¢-Al,O; substrates. As depicted in
Fig. 2(a), the SEM image of an individual ZnO microwire
exhibits a hexagonal prism structure with an estimated dia-
meter of ~10 um, and a notably smooth flat surface. The XRD
spectrum presented in Fig. 2(b) displays distinct diffraction
peaks at 20 = 32°, 34.7°, 36.5°, and 47.8°, corresponding to the
(100), (002), (101), and (102) crystal planes of the wurtzite ZnO
structure, respectively. Additional XRD analysis of the Ga,0;
film is illustrated in Fig. 2(c). Aside from the (0006) diffraction
peak of the c-Al,O3 substrate at 41.8°, the absence of other
diffraction peaks suggests the amorphous nature of the Ga,0;
film. The optical transmission spectrum, shown in Fig. 2(d),
indicates a bandgap of approximately 4.9 eV for the synthesized
a-Ga,0;.

The cross-sectional SEM image presented in Fig. 3(a) reveals
the core-shell architecture of our ZnO-Ga,0; microwire. And
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Fig. 3 (a) Cross-sectional SEM image of the ZnO-Ga,Os core-shell
microwire. Cross-section EDS mapping images of O (b), Zn (c), and Ga (d).

the well-defined demarcation interface between the core and
shell layers is distinctly depicted, and it can be clearly seen that
the Ga,Oj; shell on one side of the ZnO core is about 500 nm
thick, and the other side is only tens of nanometres, which is
mainly determined by the orientation of the sputtering.
The elemental distribution within the ZnO-a-Ga,O; core-shell
microwire is elucidated in Fig. 3(b)-(d) through cross-sectional
EDS maps. These images confirm the predominant localization
of Ga within the shell, Zn within the core, and oxygen (O) across
both layers.
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(a) SEM image of a single ZnO microwire. (b) XRD of ZnO microwires. (c) XRD and (d) transmission spectrum of the a-Ga,Os film on c-Al,Os.
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Fig. 4 [-V characteristics of the ZnO-a-Ga,Osz core—shell microwire
photodetector.

To assess the photodetection capabilities of the ZnO-a-
Ga,0; core-shell microwire, Fig. 4 presents the I-V character-
istics of the device under dark conditions, as well as under UV
illumination at wavelengths of 254 nm (~0.7 mW c¢cm™?) and
365 nm (~2 mW cm™?). The device demonstrates significant
rectifying behavior with higher current value in the positive
voltage region (positive potential on ZnO with respect to Ga,O3)
than in the negative voltage region, with a rectification ratio of
~20.7 at £2 V in the dark. Moreover, under UV light illumina-
tion, a substantial increase in current is observed, denoting a
robust photoresponse ability of the core-shell microwire
photodetector.

To validate the operational efficacy of the ZnO-a-Ga,O3; core—
shell microwire photodetector in the absence of an external

View Article Online
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bias voltage, we conducted periodic evaluations of the device’s
I-t characteristics at 0 V. A UV lamp at wavelengths of 254 nm
(0.7 mW cm™?) and 365 nm (2 mW cm™ ) was selected as the
light source, as illustrated in Fig. 5(a) and (b), respectively.
Observations revealed a swift surge in current upon UV expo-
sure and stabilizing shortly thereafter. Conversely, the cessa-
tion of UV illumination resulted in a rapid reversion of current
to baseline levels, underscoring the device’s remarkable
stability and consistent UV detection performance. The
normalized enlarged decay edges indicated decay times
(defined as the interval for photocurrent reduction from
90% to 10% of peak value) of approximately 0.56 s under
254 nm illumination (Fig. 5(c)) and 0.65 s under 365 nm
illumination (Fig. 5(d)). These findings affirm that the device
has excellent UV response characteristics, fast response speed
and good stability in self-powered operation mode. In addi-
tion, the device also exhibits excellent UV photodetection
capability under a reverse bias of —2 V, as depicted in Fig.
S1 (ESIY).

Fig. 6(a) illustrates the power density dependence (from
0.25 mW cm > to 2 mW cm ?) of the photocurrent of the
photodetector under 254 nm and 365 nm UV illumination at
0 V bias. The photocurrent demonstrates a direct correlation
with the intensity of the incident light. The responsivity, a
pivotal metric for gauging a photodetector’s photoelectric con-
version efficiency, is defined as the quotient of the photocur-
rent (In) to the incident optical power (P). This relationship is
quantified by the equation:
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Fig. 6 (a) The photocurrent of the device at 0 V under UV illumination with
Ga,0O3 core—shell microwire UV photodetector at 0 V.

Here, ljigh denotes the total current output under illumination,
Iqark represents the dark current in the absence of light, Py, is
the power density of the incident light, and S.¢ is the effective
illuminated area of the device (~8 x 10 > cm?). The respon-
sivity of our device at 0 V was around 88.7 mA W' and
49.3 mA W' under 254 nm and 365 nm illuminations. The
difference in responsivity is likely caused by the heterojunction
band offset.*°

Fig. 6(b) showcases the photoresponse spectrum of the ZnO-
a-Ga,0; core-shell heterojunction microwire UV photodetector
operating at 0 V. The detector features a peak response at
265 nm, with a responsivity of approximately 134.1 mA W™, In
addition, the 90-10% decay time at 265 nm is 0.46 s (Fig. S2,
ESIT). The UV-to-visible rejection ratio (Ryssnm/Reoonm) Of our
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different power densities. (b) The photoresponse spectrum of the ZnO-a-

device surpasses two orders of magnitude, indicating its high
selectivity for UV over visible light.

To verify the device in flexible applications, a bending test
was performed on the ZnO-a-Ga,O; core-shell microwire
photodetector by varying the bending angles. The schematic
diagram and physical image for the bending test is shown in
Fig. 7(a). Here, the bending angle 0 was defined as the side
angle between the two tangents of two electrodes of the
device, which can be achieved by controlling the two binder
clips. The I-t curves of the device with different bending
angles (from 0° to 50° and back to 0°) at 0 V under 254 nm
and 365 nm light illumination are shown in Fig. 7(b) and (c),
respectively. The negligible variation for normalized I-¢ per-
formance with different bending conditions can be clearly

0 200 400 600 800
Time (s)

1000 1200 1400

(a) The schematic diagram and physical image of the bending test. The normalized /-t curves of the flexible ZnO-a-Ga,Os core-shell microwire

photodetector under (b) 254 nm and (c) 365 nm illuminations at 0 V bias with different bending conditions.
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Fig. 8 The normalized /-t curves of the flexible ZnO-a-Ga,O3 core—shell microwire photodetector under (a) 254 nm and (b) 365 nm illuminations at 0 V

bias after different bending cycles.

Table 1 A comparison between single ZnO microwire core—shell photodetectors in this work and other works

Photodetector Responsivity (mA W™ 1) Decay time Flexible Ref.
CH,NH,PbCl,/ZnO 1.769 x 10* (—6 V)@370 nm 500 ps — 17
B-Ga,0,/Zn0o 9.7 (0 V)@251 nm 900 pis — 18
B-Ga,0,/Zn0O 1.3 x 10° (-6 V)@254 nm 42 ps — 19
Polyaniline/ZnO 60 (—1 V)@365 nm 0.42 s Yes 20
PEDOT:PSS/Zn0:Ga 185 (0 V)@370 nm 387 ps — 21
PANI/ZnO 0.56 (0 V)@355 nm 1.45 ms — 22
Zn0-a-Ga,03 88.7 (0 V)@254 nm 0.56 s Yes This work
131.4 (0 V)@265 nm 0.46 s
49.3 (0 V)@365 nm 0.65 s
observed, affirming its potential for flexible device respectively. Notably, the device achieved a peak responsivity of
applications. 1314 mA W' at 265 nm at 0 V and demonstrated consistent

To investigate the stability of the device, the fatigue mea-
surements of the device were tested after different bending
cycles. Fig. 8(a) and (b) shows the I-¢ curves under 254 nm and
365 nm UV light illuminations after 0, 50, 100, 200, and
500 bending cycles, respectively. No obvious change can be
observed after 500 bending cycles, which demonstrates that the
device has broad application prospects in the field of flexible
optoelectronics.

A comprehensive comparative analysis of various core-shell
UV photodetectors based on a single ZnO microwire is encap-
sulated in Table 1. The device delineated in this study demon-
strates superior responsivity to UV light at a 0 V bias.
Additionally, it maintains excellent photoelectric detection
performance in various bending states, indicating its high
suitability for flexible applications.

Conclusions

In conclusion, ZnO microwires were fabricated via CVD, and a
subsequent layer of a-Ga,0; was deposited through magnetron
sputtering to construct a ZnO-a-Ga,0; core-shell heterojunction
microwire UV photodetector. The room-temperature sputtering
process effectively reduced interlayer diffusion, and the amor-
phous nature of the a-Ga,O; shell enables the device to maintain
excellent performance under stress. The device showcased com-
mendable rectifying properties and photoelectric responses, with
short decay times of ~0.56 s and ~0.65 s at 254 nm and 365 nm,

9628 | J Mater. Chem. C, 2024, 12, 9623-9629

performance under various bending scenarios, underscoring its
versatility for self-powered, wearable, and flexible electronic applica-
tions. This work provides new insights for the design of low-power
consumption flexible optoelectronic devices.
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