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ABSTRACT: Flexible Ga2O3 photodetectors have attracted considerable interest owing to their potential use in the development of
implantable, foldable, and wearable optoelectronics. In particular, β-phase Ga2O3 has been most widely investigated due to the
highest thermodynamic stability. However, high-quality β-phase Ga2O3 relies on the ultrahigh crystallization temperature (usually
≥750 °C), beyond the thermal tolerance of most flexible substrates. In this work, we epitaxially grow a high-quality metastable κ-
phase Ga2O3 (002) thin film on a flexible mica (001) substrate under 680 °C and develop a flexible κ-Ga2O3 thin film photodetector
with ultrahigh performance. Epitaxial κ-Ga2O3 and the mica substrate are maintained to be thermally stable up to 750 °C, suggesting
their potential for harsh environment applications. The responsivity, on/off ratio, detectivity, and external quantum efficiency of the
fabricated photodetector are 703 A/W, 1.66 × 107, 4.08 × 1014 Jones, and 3.49 × 105 %, respectively, for 250 nm incident light and a
20 V bias voltage. These values are record-high values reported to date for flexible Ga2O3 photodetectors. Furthermore, the flexible
photodetector shows robust flexibility for bending radii of 1, 2, and 3 cm. More importantly, it shows strong mechanical stability
against 10,000 bending test cycles. These results reveal the significance of high-quality κ-phase Ga2O3 grown heteroepitaxially on a
flexible mica substrate, especially its potential for use in future flexible solar-blind detection systems.
KEYWORDS: flexible optoelectronic, κ-phase Ga2O3, solar-blind photodetector, photoresponsivity, robust flexibility

1. INTRODUCTION
Advances in flexible optoelectronics and power electronic
devices have attracted an incredible number of scientists and
engineers to these fields owing to the potential for the
development of highly bendable, foldable, stretchable, and
twistable consumer electronics,1−5 such as wearable sensors,
flexible displays, and photovoltaic devices.6−8 Ga2O3, an
ultrawide bandgap semiconductor, has become an attractive
and significant research focus owing to its large bandgap (≈5
eV), high critical breakdown field (≈8 MV/cm), and fairly
high electron mobility.9 Furthermore, Ga2O3 could be doped
into either n-type or p-type materials.10,11 Notably, through the
incorporation of aluminum and indium (forming AlGaO and
InGaO alloys), the bandgap of the compound could be tuned
from the near-UV region to the far-UV region.12,13 All of these
characteristics of Ga2O3 render it a good candidate for use in
ultraviolet photonics and power electronics.14−16

Flexible Ga2O3 electronics is an emerging field, and it
encompasses the development and production of electronic
devices such as wearable photodetectors (PDs), memory
devices, and sensors. The most widely used flexible substrates
such as polymers and metal foils have clear limitations related
to the fabrication process and application environment. In
particular, flexible polymer substrates such as polyethylene
terephthalate17 and polyethylene naphthalate18 have poor
thermal stability and therefore are not suitable for crystalline
Ga2O3 growth. Although metal foils have high conductivity,
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they are not transparent, especially in the UV−visible−infrared
range, which limits their use in optoelectronic devices.19

Furthermore, both polymers and metal foils cannot provide the
desired crystal structure for the epitaxial growth of mono-
oriented Ga2O3 film. For example, in the Supporting
Information (SI) Table S1, polymer-based substrates could
be only operated at a maximum of about 250 °C. Therefore,
the deposited Ga2O3 films are all amorphous, which
deteriorates the PD performance. In recent years, flexible
silica glass fabrics20 and Hastelloy tape21 have been used as
substrates for the deposition of crystalline Ga2O3 for UV
detection. However, owing to limitations in their epitaxial
growth, Ga2O3 films are either randomly oriented or suffer
from a complex epitaxy process.
Muscovite mica (KAl2(Si3Al)O10(OH)2), which has high

flexibility, high transparency, and high thermal stability, could
be used as an ideal platform for van der Waals (vdW) epitaxial
growth of Ga2O3. Its layered framework and aluminosilicate
structure provide scope for artificial exfoliation, and its
atomically flat surface is suitable for vdW epitaxy.22

Physisorption occurring during vdW epitaxy could lead to
the formation of a single crystalline epitaxial layer and a clear
interfacial heterostructure. Compared with conventional
polymer and metal foil substrates, the strain in a vdW epitaxial
layer on mica is lower when the substrate−layer composite is
bent. This is because interlayer sliding adequately releases the
strain in the epitaxial layer and makes the film exceptionally
flexible.23 More importantly, the temperature tolerance of mica

could reach up to 750 °C, which favors the crystallization of
Ga2O3 during the epitaxial growth. Recently, Tak et al. and Sui
et al. fabricated a Ga2O3 PD on a mica substrate, but the
devices all showed poor performance and had drawbacks such
as polycrystallinity.24,25 Despite Tak et al. later demonstrating
single-oriented β-phase Ga2O3 on mica, the performance was
still unsatisfactory due to the poor material quality under the
growth temperature of 550 °C.26 This is due to that the most
thermodynamically stable β-Ga2O3, which has high surface
energy, requires high temperature (usually ≥750 °C) during
the growth for high crystallinity and low defect density.27

However, the degradation of mica under such high temper-
atures would become a major hindrance to the synthesis of
high-quality β-Ga2O3 on it. However, except for the
thermodynamically stable β-phase, Ga2O3 also has many
other polymorphs, namely α, γ, δ, ε, and κ.28−32 Specifically,
the metastable κ-phase Ga2O3 could have a high potential for
practical use owing to its unique spontaneous polarization
property.33 Moreover, κ-Ga2O3 has optimized crystallization
temperature between 550−670 °C,34 which would be
predominantly preferred on mica substrate to achieve high-
quality film. In consequence, κ-phase Ga2O3 on mica substrate
shall be the optimal solution to develop flexible Ga2O3
electronics.
In this work, high-performance flexible metal−semiconduc-

tor−metal (MSM) PDs involving a pulsed laser deposition
(PLD)-grown κ-Ga2O3 epitaxial film on a mica substrate are
developed. The deposited Ga2O3 film, which has a thickness of

Figure 1. (a) XRD patterns of a mica substrate and κ-Ga2O3 grown on it; (b) rocking curves with FWHM values of the (002), (004), and (006)
peaks of κ-Ga2O3, the blue and violet fitting curves are signals from the mica substrate; (c) XRD asymmetric phi (ϕ) scan of Ga2O3(122); and (d)
temperature-dependent XRD patterns of κ-Ga2O3 on mica at temperatures from 50 to 750 °C.
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about 470 nm, is in the single-oriented κ-phase, and it has a
rocking curve full-width at half-maximum (FWHM) of about
1° and a surface roughness of about 1.2 nm. Both the κ-Ga2O3
film and flexible mica substrate are thermally stable at
temperatures up to 750 °C. The fabricated flexible κ-Ga2O3
PDs have excellent solar-blind photodetection properties, with
a maximum responsivity of 703 A/W and an on/off ratio of
1.66 × 107 for a 20 V bias and 250 nm illumination. Thus, they
have high sensitivity to detect ultraweak signals. In particular,
for the fatigue test of bending 10,000 cycles, their photo-
electrical performance remains the same, which indicates their
potential for solar-blind photodetection and imaging applica-
tions.

2. EXPERIMENTAL SECTION
2.1. Material Deposition and Characterization. A κ-Ga2O3

thin film was deposited on a freshly cleaved and atomically flat mica
(001) substrate through PLD. A Ga2O3:SnO2:SiO2 (98.4:1.5:0.1, wt
%) target was ablated by a 300 mJ KrF excimer laser. The Sn element
would attenuate the suboxide (Ga2O) formation to assist the Ga2O3
growth, as well as occupy the octahedral lattice site to induce κ-phase
synthesis.35,36 The κ-Ga2O3 film was deposited with a target−
substrate distance of about 80 mm while the substrate temperature
was maintained at 680 °C. During the deposition, the chamber was
maintained at high vacuum (<10−6 Torr). A set of 45,000 laser pulses
with a frequency of 5 Hz was used for the deposition, and it

corresponded to a film thickness of about 470 nm according to the
result of the cross-sectional profile by transmission electron
microscopy (TEM).
The crystal structure properties of the orthorhombic κ-Ga2O3 on

the mica substrate were examined using a Bruker D8 Advance X-ray
diffraction (XRD) system with a Cu Kα (λ = 1.5405 Å) source at 40
kV, and atomic force microscopy (AFM; Bruker dimension icon
scanning probe microscope) was performed in the tapping mode to
analyze the surface morphology of the substrate and thin film. The
lamella for TEM was prepared by focused ion beam (FIB) in the FEI
Helios G4 scanning electron microscopy system. The TEM imaging
and fast Fourier transforms (FFT) were acquired by the FEI Titan ST
microscope system with an acceleration voltage of 300 kV. The
images were processed by Velox software. X-ray photoelectron
spectroscopy (XPS) was performed in a high vacuum using a Kratos
Amicus XPS system equipped with a monochromatic Al Kα X-ray
source operating at 10 kV.

2.2. Device Fabrication and Characterization. After film
deposition and material characterization, the sample was cleaned by
rinsing it with acetone, isopropanol, and deionized water separately,
with each rinsing lasting 5 min. The sample was then patterned by
photolithography using a physical shadow mask. Next, a Ti/Au (20
nm:200 nm) electrode was deposited on the film through reactive
sputtering. For the establishment of ohmic contact between the
electrode and the κ-Ga2O3 film, the sample was rapidly annealed at
600 °C for 1 min in ambient Ar. PDs were fabricated with thirteen,
nine, seven, and six interconnected Ti/Au parallel fingers with
spacings of 20, 30, 40, and 50 μm, respectively, forming 20, 30, 40,

Figure 2. Three-dimensional (3D) view of the surface plots of (a) mica and (b) overlying κ-Ga2O3, obtained using AFM (5 μm × 5 μm).

Figure 3. (a) Large-scale cross-sectional TEM and energy-dispersive X-ray images (EDX) of the κ-Ga2O3/mica film, (b) high-resolution TEM
(HR-TEM) image, (c) FFT image of κ-Ga2O3, and (d) HR-TEM and FFT image of mica substrate.
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and 50 μm PDs. The exposure area for all devices was 0.125 mm2.
The photoelectrical characteristics were measured using a Zolix
DSR600-X150-200-UV automated spectral radiometric measurement
system. All of the measurements were performed under ambient
conditions in an optically tight enclosure for preventing interference
involving the surrounding light.

3. RESULTS AND DISCUSSION

To determine the crystal structure properties of the as-grown
κ-Ga2O3 thin film, we performed an XRD 2θ-ω scan (Figure
1a), a rocking curve ω scan (Figure 1b), an asymmetric ϕ scan
(Figure 1c), and a temperature-dependent 2θ-ω scan (Figure

Figure 4. (a) Fabricated flexible κ-Ga2O3 PD (1 cm × 1 cm and 5 cm × 5 cm scales) with interdigital patterns under bending state and (b)
photocurrent spectra of the κ-Ga2O3 PD for different interdigital spacing distances and different bias voltages.

Figure 5. (a) Photocurrent (λ = 250 nm) and dark current (shutter close) values, (b) responsivity (λ = 250 nm) of the PD for spacing distances of
20, 30, 40, and 50 μm under a bias, (c) log-scale photocurrent spectrum of the PD for a 30 μm spacing for wavelengths from 190 to 1100 nm, and
(d) current ratio for I250nm/Idark and I250nm/I600nm under different biases and spacing distances.
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1d). In Figure 1a, after κ-Ga2O3 deposition on mica, clear
diffraction peaks are observed at 19.15, 38.80, and 59.75°,
which belong to κ-Ga2O3(002), (004), and (006), respectively,
confirming that single-oriented Ga2O3 is grown on the mica
substrate. Our results in SI Figure S1a show that κ-
Ga2O3(002), (004), and (006) have shifts of around +0.26,
+0.52, and +0.79° relative to monoclinic β-Ga2O3(−201),
(−402), and (−603), respectively. By scanning and fitting the
rocking curves of the three κ-Ga2O3 diffraction peaks, we
obtain FWHM values of 1.01, 0.86, and 0.99° for κ-
Ga2O3(002), (004), and (006), respectively. In SI Figure
S1b, the β-phase Ga2O3 film on mica has rocking curve
FWHM values of 1.88°, 1.92°, and 2.11° at the (−201),
(−402), and (−603) peaks. The significantly lower FWHM
values of κ-Ga2O3 compared with those of β-Ga2O3 indicate
the high quality of the κ-Ga2O3 film formed.
To verify the phase of Ga2O3 formed on the mica substrate,

we performed an XRD asymmetric ϕ scan for the (122)
diffraction of the as-grown κ-Ga2O3 film. The ω and 2θ values
were set as 16.5 and 33.3°, respectively, and the ψ position was
set as 54.6°, which was corresponding to the (122) angle. The
ϕ scan range was from −10 to 350°. In the Ga2O3(122) scan
result in Figure 1c, 12-fold symmetry is evident over the 360°
range, indicating the orthorhombic structure rather than the
hexagonal structure (so-called ε-phase).34,37 The in-plane
rotational symmetry difference between β-Ga2O3 (−401) and
κ-Ga2O3 (122) could also be viewed in SI Figure S1c in the SI.
It has been reported that in orthorhombic Ga2O3 film grown
on various substrates, intermediate β-Ga2O3 film could appear
at the interface.38,39 If the detection limit of the XRD scan for
ultrathin films is to be considered and an interfacial ultrathin β-
Ga2O3 is assumed to be present, this ultrathin film would not
affect the PD performance.
To examine the thermal stability of the grown κ-Ga2O3 film

and flexible mica substrate, we performed temperature-
dependent XRD for the κ-Ga2O3 film in the temperature
range from 50 to 750 °C at steps of 100 °C. During the
measurement, the sample holder was pumped to 0.1 Torr first,
and then the temperature was ramped up at a rate of 20 °C/
min. The temperature was stabilized for 5 min before the 2θ
scan. From Figure 1d, other than the mica substrate peak, only
κ-Ga2O3 diffraction peaks are observed. Some minor peaks in
the XRD patterns originate from the ceramic holder. After the
thermal annealing of the film up to 750 °C, both κ-Ga2O3 and
mica substrate remain unchanged similar to the as-grown film,
which shows their high thermal stability. The high thermal
stability of the κ-Ga2O3 film and mica substrate suggests that
the flexible κ-Ga2O3 device could potentially be used in high-
temperature applications. It is noted that when the ambient
reach 850 °C, the κ-Ga2O3/mica thin film becomes optically
nontransparent, and the XRD 2θ-ω pattern is aberrant (SI
Figure S2), indicating the degeneration of the mica substrate
under environmental hyperthermia. Therefore, it is suggested
to operate mica under intermediate temperature, i.e., grow κ-
Ga2O3 rather than β-Ga2O3 on mica for better material quality.
It could also be observed that the κ-Ga2O3 film’s peak

positions (e.g., 006) exhibit a gradual leftward shift with an
increase in the temperature. This is due to the lattice expansion
during the annealing process, which increases the distance
between atoms. According to Bragg’s law, which is given by
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an increase in the interatomic distance decreases the
diffraction angle θ, resulting in the leftward shift of the
diffraction pattern.
The atomically flat surface of cleaved mica allows the

heterogeneous growth through vdW epitaxy. The cleaved mica
substrate in Figure 2a has a roughness root-mean-square
(RMS) value of about 80 pm, indicating an atomical-level flat
surface. After κ-Ga2O3 growth on the mica, shown in Figure
2b, the surface roughness becomes about 1.2 nm, indicating
the formation of crystallites. The surface morphology of Ga2O3
shows an island-like structure with a grain size diameter of 20−
80 nm. Both the RMS roughness values and island-like
structure are consistent with the roughness and structure of
Ga2O3 grown on other substrates with the PLD technique.

40,41

To determine the bandgap of κ-Ga2O3 deposited on mica,
we deposited κ-Ga2O3 on sapphire under the same growth
conditions, as shown in SI Figure S3b; the figure shows the ≈5
eV absorption edge of the deposited film. Optical oscillations
are evident in SI Figure S3a, suggesting the existence of a sharp
interface between κ-Ga2O3 and the mica substrate. XPS
measurements were performed to confirm the formation of
gallium oxide thin film on the mica substrate, and they are
shown in SI Figure S4. Gallium oxide featuring Ga 3d and Ga
2p is observed, while mica shows Al 2p and K 2p signals.
The large-scale cross-section TEM image of the κ-Ga2O3/

mica film is presented in Figure 3a. The ≈470 nm κ-Ga2O3
thin film has a distinct interface with the mica substrate. A thin
layer of Pt on top of κ-Ga2O3 is sputtered for acquiring a clear
image during the FIB process. Al and Ga elements that
originate from the mica substrate and gallium oxide film,
respectively, are clearly observed in the EDX image. The EDX
spectrum and quantification of elements in κ-Ga2O3 thin film
could be found in SI Figure S5 and SI Table S2, respectively.
Moreover, HR-TEM image of κ-Ga2O3 in Figure 3b exhibits a

clear atomic arrangement. A crystal model of orthorhombic
structure along the [100] zone axis is found to well match the
crystal lattice in the HR-TEM image. The lattice spacing along
the growth direction is 4.81 Å for half of the (001) κ-Ga2O3,
which is consistent with the reported value.29 The cross-
product of b(010) and c(001) gives the zone axis a(100),
which has also been shown in Figure 3b. Figure 3c represents
the corresponding FFT image of κ-Ga2O3. The κ-Ga2O3 (002),
(004), (0−20), and (02−2) diffraction spots are labeled. The
spacing distance of (000)/(0−20) and (000)/(002) from the
experiment are 0.2446 and 0.2061 Å−1, giving the lattice
constant b and c of 8.1766 and 9.704 Å−1, respectively. These
lattice constant values are similar to the reported κ-phase
Ga2O3

42 considering the experimental error. No extra spots
could be observed except those from the film, indicating that
the film is free of the secondary phase. Compared with the
FFT image of the mica substrate in Figure 3d, the epitaxial
relationship is <001> κ-Ga2O3 || <001> mica, which is also
consistent with the XRD 2θ-ω profile shown in Figure 1.
Figure 4a shows the fabricated flexible κ-Ga2O3 PD. The

microscope image shows different interdigital metal spacing
distances while the active region remains unchanged. The high
flexibility of the sample could be inferred from the bending
status (radius ≈ 0.5 cm in Figure 4a). Figure 4b shows the
photocurrent spectrum for different interdigital metal spacing
distances from 20 to 50 μm. The peak response for all designs
is located near 250 nm, which corresponds to the bandgap of
κ-Ga2O3 (SI Figure S3). With an increase in the applied bias
from 1 to 20 V, the photocurrent increases because of the
larger carrier collection. When the interdigital spacing
decreases from 50 to 20 μm, the photocurrent increases
because of the improved response between electrodes
associated with the shorter electrical path.

Figure 6. (a−c) I−V characteristics of a flexible PD sample under different bending conditions. (d) Time-dependent photoresponse curves
measured under 250 nm illumination turned on/off periodically at 10 s intervals. (e) Photoresponse curve in a single on−off cycle and exponential
fits for response and decay. (f) Photoresponse spectrum of devices with the spacing distance of 20, 30, 40, and 50 μm measured after 0, 1000, 5000,
and 10,000 repeated bending cycles.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c06550
ACS Appl. Mater. Interfaces 2022, 14, 34844−34854

34849

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06550/suppl_file/am2c06550_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06550/suppl_file/am2c06550_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06550/suppl_file/am2c06550_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06550/suppl_file/am2c06550_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06550/suppl_file/am2c06550_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06550?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06550?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06550?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06550?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c06550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


A higher voltage and a smaller interdigital spacing distance
are beneficial for a higher photocurrent. However, the dark
current would also increase. The current−voltage (I−V)
characteristics of the PDs are shown in Figure 5a. The off-
state dark current of the devices is approximately 10−14∼10−12

A from 1 to 20 V. Under illumination provided by 250 nm
deep UV light with a power density of about 22 μW/cm2, the
on-state photocurrent could reach 10−7∼10−5 A for all spacing
distances, indicating an increase of 7 orders of magnitude
under the UV illumination. From the measured current, the
photoresponsivity of the samples can be calculated using the
following equation

R
I I

D S
photo dark=

× (2)

where Iphoto, Idark, D, and S are the photocurrent, dark current,
illumination power density, and exposure area, respectively.
The detectivity (D*) of PDs, which shows the signal-to-

background noise ratio, is defined as below43

D
S

qI
R

2 dark

* =
(3)

External quantum efficiency (EQE) could also be used for
characterizing the conversion efficiency of photogenerated
electrons under the illumination of photons, which is described
using the following equation44

hc
q

REQE 100%= ×
(4)

Here, h is the Planck constant, c is the speed of light, and λ is
the wavelength of the incident light.
The calculated photoresponsivity is shown as a function of

the voltage for all spacing distances in Figure 5b. For PDs with
20, 30, 40, and 50 μm spacing distances, the thirteen, nine,
seven, and six interconnected parallel fingers, respectively,
would contribute to the same exposure area S (=0.125 mm2).
Since Idark is smaller than Iphoto by 7 orders of magnitude and all
configurations have the same S, the photoresponsivity is mainly
determined by Iphoto. The photoresponsivity of the devices
linearly increases with the applied bias (from 1 to 20 V),
indicating the nearly ohmic contact behavior between Ti/Au
and κ-Ga2O3. When the interdigital spacing distance is
decreased from 50 to 20 μm, the photoresponsivity increases
because of the higher carrier collection efficiency. In particular,
the maximum photoresponsivity for the 20 μm spacing could
reach about 703 A/W at 20 V, while the D* and EQE are 4.08
× 1014 Jones and 3.49 × 105 %, respectively. The values of the
photoresponsivity, D*, EQE, and current ratio for a bias of 5 V
are also listed in Table 1 for comparison.
The ultrahigh Iphoto/Idark ratio (>107) could be attributed to

the ultralow dark current as well as the superior photoelectrical
conversion property of the κ-Ga2O3 thin film. It has been
reported that Si shows amphoteric behavior in Ga2O3
(especially in κ-Ga2O3), which may act as the donor or
acceptor depending on different growth conditions.45,46

Therefore, the ultralow dark current property with the
intentionally 0.1 wt % SiO2 doping may be attributed to the
compensation effect of Si in κ-Ga2O3. Moreover, owing to the
high material quality of the κ-Ga2O3 film, defects and traps,
which could contribute to the dark current, are eliminated.
After UV illumination and absorption, abundant electron−hole
pairs are generated in the κ-Ga2O3 thin film, resulting in aT
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significant increase in the film conductance. Therefore, the
PDs show an ultrahigh responsivity and Iphoto/Idark ratio. The
ultralow dark current also benefits the high D* of PDs, i.e.,
high sensitivity of detecting ultraweak signals.
For the log scale of the current spectrum shown in Figure 5c,

a long tail can be observed after the peak response up to λ =
1100 nm, which could be attributed to the persistent
photoconductivity (PPC) that commonly exists in Ga2O3
PDs.47−49 This PPC effect, which results from the oxygen
vacancies-related traps, could reduce the PD response speed
and increase the PD recovery time during the process of
trapping and releasing photogenerated electrons in the
trapping center.50,51 For example, for a 1 V bias, the currents
at λ = 250 and 1100 nm are about 4.3 × 10−7 and 5.4 × 10−14

A, respectively. The current at λ = 1100 nm is higher than the
Idark (=4.4 × 10−14 A) measured without illumination. A higher
photoresponsivity of a PD usually results in a stronger PPC
effect,27 which can also be observed in Figure 5c,d. For
example, at 20 V, the currents at λ = 250 and 1100 nm increase
to about 9.5 × 10−6 and 1.4 × 10−11 A, respectively, resulting
in a lower I250nm/I1100nm ratio (=6.8 × 105) compared with the
case at 1 V (=8 × 106). However, it is noted that in our PDs,
the Ga2O3 peak response under all bias conditions could still
be maintained to be greater than or equal to the current by a
factor of 105 for λ = 1100 nm, indicating the less defects and
vacancies in the κ-Ga2O3 thin film.52 The sudden change at λ =
350, 450, and 500 nm in the spectrum comes from the switch
of the optical filter in the photodetector measurement system.
To determine the on/off ratio and rejection ratio of the PDs,

we obtain the I250nm/Idark and I250nm/I600nm ratios from Figure
5d. The I250nm/Idark ratio could reach about 107 for all spacing
distances, and it is stable with an increase in the bias from 1 to
20 V due to the absence of the PPC effect under dark
conditions. As for the rejection ratio (I250nm/I600nm) extracted
from a photocurrent spectrum such as that shown in Figure 5c,
owing to the PPC effect, it decreases from 3.7 × 106 to 2.3 ×
105 under bias 1 to 20 V, which is lower than the I250nm/Idark
ratio (≈107) and the I250nm/I1100nm ratio (≈106). Despite that
there exits the reduction of rejection ratio due to the PPC, the
current PD characteristics are still shown with superiority
compared with previously reported Ga2O3 PDs.

53−55

The flexibility of the PDs fabricated on flexible mica
substrates was investigated by measuring the photoelectrical
properties under various bending conditions, as illustrated in
Figure 6a−c. Different bending conditions were created by
fixing the flexible PD sample on semicircular cylinder molds
with different radii of 1, 2, and 3 cm, as depicted in the insets
of Figure 6a−c. The strain in the film in the bent state could be
calculated using the following equation56

d d
R

X
X2

1 2
(1 )(1 )

e s
2i

k
jjjj
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{
zzzz

i
k
jjjjj

y
{
zzzzz= + + +

+ + (5)

where η = de/ds and X = Ye/Ys. de and ds are the thicknesses of
the epitaxy layer and substrate, respectively. Ye and Ys are
Young’s modulus of the epitaxy layer and substrate,
respectively. In this case, the Ga2O3 film has a thickness of
about 470 nm, whereas the mica substrate has a thickness of
about 50 μm. The Young’s modulus of Ga2O3 and mica are
20957 and 5.4 GPa,58 respectively. Therefore, the film with
bending radii of 1, 2, and 3 cm has 0.19, 0.09, and 0.06% strain,
respectively. In Figure 6a−c, under the illumination of 250 nm
with a power density of 22 μW/cm2, the photocurrent and

dark current of the PD for different bending conditions remain
in the microampere and picoampere range, respectively, similar
to the PD characteristics for the flat state, as shown in Figure 5.
Repetitive measurements under the aforementioned bending

conditions with an on/off interval of 10 s were performed to
measure the response time and stability of the PD sample, as
shown in Figure 6d. Within 200 s, the photocurrent (on state)
and dark current (off state) remain almost constant for each
on/off interval. With an increase in the bias from 1 to 5 V and
then to 10 V for the bending cases, the photocurrent increases
simultaneously, similar to the flat state. Notably, variations of
the photocurrent and dark current are observed under different
bending states. For example, in Figure 6d, there exists ≤10%
deterioration of the photocurrent in the bending state
compared with the flat state, which may result from the
increased contact resistance at the electrode/Ga2O3 interface
and the creation of defect states by the applied strain.59,60

However, this variation is at an acceptable level compared with
previously reported flexible Ga2O3 PDs,

61,62 pointing to the
robust flexibility of the proposed flexible PD.
Figure 6e shows the response (rise) and recovery (decay)

edges acquired in a single on−off cycle. For the response and
recovery edges, a biexponential relaxation eq 6 below is used
for the fitting. The average response and decay times are also
described by eq 7 below.

I I A e B et t
0

/ /1 2= + + (6)

A B A B( )/( )ave 1
2

2
2

1 2= + + (7)

where I is the photocurrent, I0 is the steady-state current, and
A and B are slow and fast component amplitude constants of
the fit model, respectively. In addition, t is the time, and τ1 and
τ2 represent the slow and fast components, respectively.63

Based on the fitting, the response edge has fast (τr1) and slow
(τr2) response times of 0.64 and 1.29 s, respectively, while the
recovery edge shows fast (τd1) and slow (τd2) counterparts of
0.16 and 0.18 s, respectively. The overall average rise time and
recovery are calculated to be 0.65 and 0.17 s from eq 7. The
rise and decay fittings for the patterns with 20, 30, 40, and 50
μm spacings are presented in Table 1 and SI Figure S6 b. It is
normally recognized that the fast response can be attributed to
the on or off of the interband optical transition that contributes
to the carrier concentration. The slow response is related to
the carrier trapping/releasing processes associated with defects
in the Ga2O3 film. The slow component in the decay process
also leads to a more pronounced PPC effect, as mentioned
above. Some reports have shown the postannealing,63 use of a
phototransistor,64 and Ar plasma treatment65 to improve this
photoresponse time.
The fatigue test was performed with a homemade bending

machine to demonstrate the mechanical stability of the
fabricated PDs. In SI Figure S7a, the sample was pasted on
the arms of the machine that could move forward and
backward automatically to achieve the bending of the sample.
In this work, the sample was bent with an arm gap from 4 to 1
cm (corresponding to a bending radius from 2 to 0.5 cm), and
then it was repeated for 0, 1000, 5000, and 10,000 repetition
(RPT) cycles. After that, the I−V characteristics and
photoresponse of the sample were measured under the
abovementioned illuminating conditions. From the photo-
response spectra in Figure 6f, no visible degradation could be
observed even after 10,000 bending cycles, as the photo-
response almost stays stable for the device spacing distances
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from 20 to 50 μm. The log-scale spectrum in SI Figure S7b
reveals that the I250nm and I1100nm of the PD after different
bending cycles remain in the microampere and picoampere
range, respectively. The time-dependent photoresponse over
300 s in SI Figure S8 also shows similar response and recovery
times after bending against 10,000 cycles. Those fatigue test
results all denote the robust flexibility of the proposed flexible
PD.
The key PD parameters, including responsivity, D*, EQE,

on/off ratio, and response time, of the flexible κ-Ga2O3 PD
described in this work and previously reported flexible PDs are
listed and compared in Table 2. Our flexible κ-Ga2O3 PDs
show the highest responsivity (155 A/W), D* (1.91 × 1014
Jones), EQE (7.69 × 104 %), and Iphoto/Idark ratio (1.65 × 107)
when operated at a human-compatible bias of 5 V. Owing to
the large breakdown field property, the demonstrated flexible
PDs could be operated under higher bias (e.g., 20 V), and they
could attain record values of 703 A/W for the responsivity,
4.08 × 1014 Jones for the D*, 3.49 × 105 % for the EQE, and
1.66 × 107 for the on/off ratio. The rise and decay response
times are also improved in comparison with other reports. All
those values present the significant capability of κ-Ga2O3 film
on detecting UV signals distinguishable from the noise
background. Considering the thermally unstable property of
polymer substrates and the mediocre performance of other
flexible PDs, our results shown in this work suggest that the
epitaxially grown flexible κ-Ga2O3 PDs have superior photo-
electrical performance and robust flexibility, which is promising
for flexible optoelectronic applications.

4. CONCLUSIONS
In summary, ultrahigh-performance flexible PDs based on a
single-oriented κ-Ga2O3 thin film are presented. The XRD
results indicate the vdW epitaxy capability of the single-
oriented κ-Ga2O3 thin film on a mica substrate. The deposited
∼470 nm κ-Ga2O3 film has a rocking curve FWHM of about 1°
and a roughness of about 1.2 nm. At high temperatures up to
750 °C, both the epitaxial κ-Ga2O3 and flexible mica are
thermally stable, suggesting their application potential in harsh
environments. The epitaxial κ-Ga2O3 film is used in flexible
MSM PDs with different interdigital spacing distances from 20
to 50 μm. The 20 μm spacing MSM flexible PD exhibits the
highest ever responsivity of 703 A/W and detectivity of 4.08 ×
1014 Jones at a 20 V bias under solar-blind 250 nm
illumination. When a human-compatible 5 V bias is applied,
the PDs demonstrate a record on/off ratio of 1.65 × 107,
showing promise for applications in deep UV-sensitive devices.
Moreover, the bending test and fatigue test performed with 1−
3 cm bending radii and 10,000 bending cycles, respectively,
show stable photoelectrical performance, indicating the robust
flexibility of the demonstrated PDs. It is noted that the
proposed flexible κ-Ga2O3 thin film could also be applied to
the development of other critical optoelectronic and power
electronic devices that require a flexible and crystalline oxide
film.
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