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ABSTRACT: Transferable Ga2O3 thin film membrane is desirable for vertical and flexible solar-blind photonics and high-power
electronics applications. However, Ga2O3 epitaxially grown on rigid substrates such as sapphire, Si, and SiC hinders its exfoliation
due to the strong covalent bond between Ga2O3 and substrates, determining its lateral device configuration and also hardly reaching
the ever-increasing demand for wearable and foldable applications. Mica substrate, which has an atomic-level flat surface and high-
temperature tolerance, could be a good candidate for the van der Waals (vdW) epitaxy of crystalline Ga2O3 membrane. Beyond that,
benefiting from the weak vdW bond between Ga2O3 and mica substrate, in this work, the Ga2O3 membrane is exfoliated and
transferred to arbitrary flexible and adhesive tape, allowing for the vertical and flexible electronic configuration. This straightforward
exfoliation method is verified to be consistent and reproducible by the transfer and characterization of thick (∼380 nm)/thin (∼95
nm) κ-phase Ga2O3 and conductive n-type β-Ga2O3. Vertical photodetectors are fabricated based on the exfoliated Ga2O3
membrane, denoting the peak response at ∼250 nm. Through the integration of Ti/Au Ohmic contact and Ni/Ag Schottky contact
electrode, the vertical photodetector exhibits self-powered photodetection behavior with a responsivity of 17 mA/W under zero bias.
The vdW-bond-assisted exfoliation of the Ga2O3 membrane demonstrated here could provide enormous opportunities in the pursuit
of vertical and flexible Ga2O3 electronics.
KEYWORDS: Ga2O3 membrane, mica, van der Waals exfoliation, solar-blind photodetector, vertical electronics

1. INTRODUCTION
The advances in semiconductor membrane technology offer
incredible opportunities and feasibilities to develop unprece-
dented devices in the fields of optoelectronics and power
electronics. For example, flexible, lateral, or vertical config-
uration devices could be developed based on a single-layer
semiconductor membrane.1−3 Moreover, through purposely
transferring different types of membranes onto one substrate,
i.e., heterogeneous integration, multifunctional devices can be
created.4−6 Despite these benefits, the progress of membrane-
driven devices is limited by the challenges of acquiring and
transferring a monolayer membrane, which is usually strongly
bonded with rigid substrate such as sapphire, Si, and SiC. This
is due to the grown three-dimensional (3D) membranes
typically having high covalent bonding energy (200−6000

meV) with the 3D substrate, preventing their spontaneous or
artificial separation.7

To exfoliate the 3D epitaxial membrane from the 3D
substrate (so-called 3D/3D exfoliation), methods including
laser-induced liftoff8−10 and substrate removal (wet etch-
ing11,12 and dry etching13,14) have been used. However, these
techniques suffer from either high cost, complexity, or low
efficiency. In recent years, two-dimensional (2D) materials
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such as h-BN or graphene have been employed as a buffer layer
on bulk substrates for 3D membrane growth with weak van der
Waals (vdW) force.15−17 As such, the weak vdW bonding
energy (40−70 meV)7 at the 3D/2D interface allows for the
separation of 3D membrane from 2D material by artificial
exfoliation (so-called 3D/2D exfoliation). Nonetheless, the
precovered 2D materials on bulk substrates introduce further
complexities, as well as potential issues such as nonuniformity
and high cost.18,19

Muscovite mica (KAl2(Si3Al)O10(OH)2), a 3D substrate
with a 2D-like layered framework, could compensate for the
limitations of both 3D/3D and 3D/2D exfoliation. Its
neighboring layers of the unit cells are weakly bonded by
vdW force connections. The unique property of a strong
intralayer but weak interlayer provides scope for artificial
exfoliation and forms an atomically flat surface.20 Moreover,
mica has high flexibility, high transparency, and high thermal
stability, which could represent an ideal platform for vdW
epitaxial growth of semiconductor membranes requiring a high
crystalline temperature.21−23 The weak vdW bond induced by
the physical absorption of atoms on the surface can be easily
broken; therefore, following the 3D/2D exfoliation strategy, it
is plausible that semiconductor membranes could be exfoliated
by directly peeling them from the mica substrate using the
adhesive tape.

In this work, to verify this straightforward exfoliation
method, vdW epitaxy of Ga2O3 membranes are conducted
on the mica substrate, followed by vdW-bond-assisted
exfoliation to transfer the Ga2O3 membrane from the mica
substrate to adhesive tape. Ultrawide band gap Ga2O3 is
examined specifically, owing to its superior properties,
including large bandgap (≈5 eV), high critical breakdown
field (≈ 8 MV/cm), and relatively high electron mobility,24−26

which has great potential in the applications of solar-blind
photonics and high-power electronics. Moreover, except for
the thermodynamically stable β-phase, Ga2O3 has many other
polymorphs, namely α, γ, δ, ε, and κ.27−31 For instance, the
metastable κ-phase Ga2O3 could have a high application

potential owing to its unique spontaneous polarization
property.32 From our previous study, the lower crystalline
temperature of κ-phase Ga2O3 compared with β-phase also
favors the high-quality Ga2O3 growth on mica substrate.33

In earlier reports, Ga2O3 thin films have been grown on bulk
substrates such as sapphire, Si, and SiC.34,35 These bulk
substrates determine the lateral configuration of Ga2O3-based
devices, such as the metal−semiconductor−metal (MSM)
solar-blind photodetector (PD)36−38 and lateral field-effect
transistor.39,40 However, they also constrain the merits of
Ga2O3 owing to the long transition path of carriers in the
lateral device configuration, which is generally a few micro-
meters to dozens of micrometers based on the photo-
lithography resolution.26,41 Instead, in this work, the proposed
vdW-bond-assisted exfoliation provides the feasibility of
vertical device configuration in Ga2O3 membrane, allowing
for applications such as vertical PD with short transition path
of carriers and quick response of the devices. This electrical
transition path is determined by the thickness of the Ga2O3
membrane, which could be tens to hundreds of nanometers
based on the growth design. Given the high quality of the
Ga2O3 membrane, the short electrical path in vertical devices
could lead to a fast response. Notably, single-oriented κ-phase
Ga2O3 and β-phase n-type Ga2O3 were epitaxially grown on
the mica substrate, followed by their exfoliation and transfer to
adhesive tape. Cross-sectional SEM and AFM characterization
confirm the consistency of the Ga2O3 thickness from the
exfoliated boundary depth. The exfoliation method is further
verified by exfoliating n-type Ga2O3 and measuring film
conductivity. Subsequently, two types of vertical PDs with
different metal contacts were demonstrated to display the
photoconductive performance of the exfoliated Ga2O3
membrane.

2. EXPERIMENTAL SECTION
2.1. Material Deposition. The Ga2O3 films were deposited on

freshly cleaved and atomically flat mica (001) substrate through
pulsed laser deposition (PLD), with a target-substrate distance of

Figure 1. (a) Process flow of Ga2O3 deposition, membrane exfoliation, and vertical PD-A and PD-B fabrication. (b) Exfoliation process under a
high-speed camera.
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approximately 80 mm. During the deposition, the 248 nm KrF
excimer laser energy was set at 300 mJ with a 5 Hz frequency. For the
κ-Ga2O3 thin film, a Ga2O3:SnO2:SiO2 (98.4%:1.5%:0.1%, wt %)
target was ablated by laser under the substrate temperature of 680 °C.
The chamber was maintained at a high vacuum (<10−6 Torr). A set of
45 000 and 15 000 laser pulses were performed, producing a ∼ 380
nm and ∼95 nm Ga2O3 thin film on the mica substrate, respectively.
The slight growth rate difference was caused by the coating-induced
transmittance difference of optical windows which is common for
PLD processes. For the conductive n-type β-Ga2O3 film, a
Ga2O3:SiO2 (99.9%: 0.01%, wt %) target was ablated with substrate
temperature 650 °C under the ambient O2 pressure of 4 mTorr. The
film thickness was ∼700 nm with 40 000 laser pulses.
2.2. Membrane Characterization and Exfoliation. The

exfoliation and transfer of the Ga2O3 membrane from the mica
substrate were accomplished by the adhesive tape. Due to the weak
vdW bond between mica and Ga2O3 film and the strong bond of the
lateral Ga2O3 connection, the slablike Ga2O3 membrane could be
completely transferred to the tape. For the n-type β-Ga2O3
membrane, a resistive Kapton tape was used for exfoliation to avoid
the conductivity effect. The details of the exfoliation process are
presented in Figure 1. This peeling process was observed using a high-
speed video camera (Phantom V2511) operating at 5000 fps and
magnification with a Leica long-distance microscope at magnification
up to 2.56. A 45° mirror was underneath the transparent glass plate
approximately 5 cm, and illumination from above was produced by a
350 W Sumita metal halide lamp and a diffuser.

Before the exfoliation and after the exfoliation, the crystal structure
properties of the orthorhombic κ-Ga2O3 and monoclinic β-Ga2O3 on
the mica substrate were examined using a Bruker D2 PHASER X-ray
diffraction (XRD) system with a Cu tube (λ = 1.54184 Å) source at
30 kV. For the XRD 2θ−ω scan, the exfoliated Ga2O3/tape samples
were attached on a flat holder (e.g., sapphire and Si). Atomic force
microscopy (AFM; Bruker Dimension Icon scanning probe micro-
scope) was performed in the tapping mode to analyze the surface
morphology and exfoliation profile between the substrate and thin
film. Cross-sectional profiles of the Ga2O3 membrane were obtained
using a Zeiss Merlin Scanning Electron Microscope (SEM) at an
acceleration voltage of 5 kV. 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. The lamella for transmission electron microscopy (TEM) was
prepared by focused ion beam (FIB) in the FEI Helios G4 SEM

system. The TEM imaging and fast Fourier transforms (FFT) were
acquired with the FEI Titan ST microscope system with an
acceleration voltage of 300 kV. The images were processed using
the Velox software.
2.3. Device Fabrication and Characterization. Two types of

vertical Ga2O3 PDs with different electrodes were fabricated based on
the exfoliated Ga2O3 membrane obtained in this work. PD-A was
developed from the direct exfoliation of the Ga2O3 membrane on
conductive Cu tape. For PD-B, before exfoliation, a Ti/Au (20 nm/50
nm) stack was deposited on top of the Ga2O3 as the electrode by
reactive sputtering, followed by rapid thermal annealing at 500 °C for
1 min in Ar ambient to form an Ohmic contact between the electrode
and Ga2O3 membrane. Subsequently, both samples were etched by an
Inductively Coupled Plasma−Reactive Ion Etching (ICP-RIE) system
under Ar ambient with RF power 100 W and Ar flow 20 sccm for 30 s
to remove the ultrathin residual mica. The samples were then
patterned by a physical shallow mask. The patterned electrode had
five pairs of interconnected parallel fingers with 30 μm in width, 90
μm in the spacing gap, and 500 μm in length. And the effective
exposure area (S) was 0.162 mm2. A Ni/Ag (200 nm/100 nm)
electrode was deposited on the film through the electron beam
evaporator to form the top Schottky contact for both PD-A and PD-B.
Both PD-A and B were fabricated based on the above-mentioned 380
nm κ-phase Ga2O3 membrane. The photoelectrical characteristics
were measured using a Zolix DSR600-X150-200-UV automated
spectra radiometric measurement system. All the measurements were
performed under ambient conditions in an optically tight enclosure to
prevent interference from the surrounding light.

3. RESULTS AND DISCUSSION
The overall exfoliation process involves the following steps
(Figure 1a): (i) epitaxial growth of Ga2O3 layers on the fresh-
cleaved mica substrate using PLD (Ga2O3 layers can be κ-
phase or β-phase); (ii) coverage of Cu tape and directly
exfoliate Ga2O3 (i.e., PD-A), or coating Ti/Au, rapidly
annealing it, and then using adhesive tape to exfoliate
Ga2O3/Ti/Au (i.e., PD-B); and (iii) metalization and
fabrication of vertical PD. Moreover, the mica substrate is
reusable for deposition after releasing the Ga2O3 layers. The
details of the Ga2O3 deposition and device fabrication are
included in the Experimental Section. The exfoliation process

Figure 2. (a) Large-scale cross-sectional TEM image of as-grown Ga2O3/mica (middle). High-resolution TEM images of mica substrate (left) and
epitaxial κ-Ga2O3 membrane (right). Insets are the FFT images of mica and κ-Ga2O3. (b) Boundary and energy dispersive X-ray analysis (EDX)
distribution (Ga/Al) between Ga2O3 and mica substrate after exfoliation, showing the slablike Ga2O3 grown on mica. (c) Exfoliated Ga2O3
membrane transferred to Cu tape and the EDX distribution (Ga/C). The thicknesses of the Ga2O3 membrane in (b) and (c) are both ≈380 nm.
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is revealed using a high-speed video camera (Figure 1b).
Benefiting from the weak vdW bond between Ga2O3 and mica
substrate, the Ga2O3 membrane can be transferred by peeling
off the adhesive tape. After exfoliation, a clear boundary was
observed between the Ga2O3 film and the remaining mica, as
indicated by the arrows in Figure 1b. The size of the exfoliated
membrane is determined by the tape size, thereby improving
the flexibility of the exfoliation process.

The cross-sectional TEM and FFT images of the κ-Ga2O3/
mica film are presented in Figure 2a. The κ-Ga2O3 thin film has
a distinct interface with the mica substrate from the middle
image. From the high-resolution TEM (left image), the mica
substrate has a 2D-like layered framework along (001)
direction under high-resolution TEM. Ga2O3 (right image) is
also single-orientated from FFT, which fits the orthorhombic
structure, confirming the κ-phase Ga2O3 growth on mica
substrate. No extra spots could be observed except those from
the film, indicating that the film is free of the secondary phase.
The difference between κ- and β-phase Ga2O3 could be found
in our previous reports.33,42 Moreover, compared with the FFT
of mica substrate, the right image in Figure 2a shows that the
epitaxial relationship is ⟨001⟩ κ-Ga2O3 || ⟨001⟩ mica.

Figure 2b,c represent the SEM images of the Ga2O3
membrane when grown on the mica substrate and transferred
to a Cu tape, respectively. In Figure 2b, the slablike Ga2O3
membrane, which has a weak vdW bond with mica, could be
easily separated from the mica substrate, indicating the
feasibility of exfoliation. After the exfoliation, a clear boundary
between the unexfoliated Ga2O3 and mica could be observed,
which is confirmed by the EDX distribution of gallium (Ga)
and aluminum (Al) in Ga2O3 and mica, respectively. After
being exfoliated and transferred to the Cu tape, the Ga2O3
membrane maintains its slablike structure, and the membrane
thickness is similar to the as-grown membrane (≈380 nm).
This exfoliation and transfer process is also confirmed by the
EDX distribution of gallium (Ga) and carbon (C) in Ga2O3
and tape, respectively. The SEM images of exfoliated Ga2O3/
tape under different magnifications are also shown in Figure
S1a,b.

Figure 3a shows the XRD 2θ−ω scan of the κ-Ga2O3
membrane before and after the exfoliation. Before exfoliation
(as-grown κ-Ga2O3/mica), clear diffraction peaks are observed
at 19.15, 38.80, and 59.75°, belonging to κ-Ga2O3 (002),
(004), and (006), respectively, confirming that single-oriented
Ga2O3 is grown on the mica substrate. The remaining
diffraction peaks are attributed to the mica substrate (001),
(002), and higher-order diffractions. The epitaxial relationship
⟨001⟩ κ-Ga2O3 || ⟨001⟩ mica, is also consistent with the FFT
images in Figure 2. After the exfoliation of the Ga2O3
membrane, i.e., transfer to Cu tape, the tape is attached to a
holder (e.g., sapphire in Figure 3a) for the 2θ−ω scan. In
Figure 3a, only Ga2O3 diffraction peaks located at the same
positions are observed except for the sapphire holder and Cu
tape peaks, indicating the successful transfer of Ga2O3 from the
mica substrate.

AFM was employed to verify the surface roughness and
exfoliation depth. The surface morphology and roughness of
mica substrate and as-grown κ-Ga2O3/mica are shown in
Figure S2. From the microscope image under the AFM tip in
Figure 3b, after exfoliation, there is a clear contrast difference
separated by one boundary between the as-grown κ-Ga2O3/
mica and exfoliated part. Subsequently, AFM was performed in
a 10 μm × 10 μm region near the boundary to assess the
exfoliation depth. In Figure 3b, an obvious step with a depth of
∼380 nm was observed, and the depth profile of the boundary
shows a similar thickness to Ga2O3 epitaxial film in Figure 3c.
This exfoliation boundary is further confirmed by the top-view
SEM image shown in Figure 3d. The clear exfoliation
boundary between the unexfoliated Ga2O3 and mica could
be observed after exfoliation. The EDX distributions which
feature Ga in Ga2O3 and Al/K in mica, respectively, are shown
in Figure 3e.

vdW-bond-assisted exfoliation usually results in only a small
amount of residual material after peeling off.43 This residual
material is ultrathin, which cannot be viewed from the XRD
diffraction pattern. To assess the residual mica status in our
exfoliated Ga2O3 membrane, XPS was performed on the mica
substrate, Ga2O3 membrane after exfoliation, and exfoliated

Figure 3. (a) XRD 2θ−ω scan of the as-grown κ-Ga2O3/mica and exfoliated κ-Ga2O3/Cu tape. (b) AFM profile of the boundary between the
exfoliated and unexfoliated part in a 10 μm × 10 μm range. (c) Depth profile of the boundary extracted from (b). (d) SEM surface of the boundary
between the exfoliated and unexfoliated part and its (e) EDX distribution of Ga, O, Al, and K. (f) XPS spectra of mica substrate (black curve),
exfoliated κ-Ga2O3 surface (red curve), and exfoliated κ-Ga2O3 with dry etching (blue curve).
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Ga2O3 membrane with dry etching. The whole XPS spectra of
mica substrate, exfoliated Ga2O3 membrane, and exfoliated
Ga2O3 membrane with dry etching are shown in Figure S3.
Mica substrate (KAl2(Si3Al)O10(OH)2) features K 2p and Al
2p core levels (black curve), while pure Ga2O3 has Ga 2p and
Ga 3d as the material evidence. The C 1s peak at 284.8 eV is
used to calibrate the correct positions of the XPS signals.

In Figure 3f, the exfoliated κ-Ga2O3 membrane exhibits both
mica (Al 2p and K 2p) and Ga2O3 (Ga 2p and Ga 3d) signals,
indicating the small amount of residual mica on the surface of
exfoliated Ga2O3 membrane (red curve). Considering the
excitation limitation in the XPS system, the signal from only a
few nanometers depth of film could be detected. Since the
Ga2O3 signals were observed even penetrating through residual
mica from the XPS spectra, the residual mica is estimated to be
ultrathin (approximately ≤5 nm). This is also consistent with
the invisibility of mica signals from the XRD pattern after
exfoliation, since the weak diffraction signal from ultrathin
mica would be automatically eliminated by the system. To
remove the potential ultrathin residual mica, a dry etching
process as described in the Experimental Section was
performed on the exfoliated κ-Ga2O3 membrane. The XPS
spectrum after this process is shown in Figure 3f (blue curve).
The signals of Al 2p and K 2p from the residual mica are
removed after dry etching, and the Ga 2p and Ga 3d peaks
have higher intensity due to more excitation of Ga2O3 after
mica removal. This membrane exfoliation and subsequent dry
etching ensure the pure-Ga2O3 transfer from mica to the
adhesive tape. To check the repeatability of the proposed
exfoliation method, another thin Ga2O3 film (∼95 nm) was
deposited by PLD on the mica substrate for exfoliation. Figure
S4 shows the XRD pattern and AFM boundary profile after
exfoliation, revealing the consistency of the proposed
exfoliation method.

To further verify the consistency of the proposed exfoliation
method with the subsequent dry etching, n-type β-phase
Ga2O3 was deposited on the mica substrate for exfoliation.
Resistive Kapton tape as shown in Figure 4c (dark yellow
color), was used to exfoliate the conductive n-Ga2O3. As-grown
n-Ga2O3 shows a single-oriented β-phase with diffraction peaks
(2̅01), (4̅02), and (6̅03), respectively, on the mica substrate.
With the Kapton tape exfoliation, the β-Ga2O3 membrane is
transferred to the adhesive tape while the mica signal is absent,
as shown in Figure 4a. The XRD pattern difference between
the orthorhombic κ-Ga2O3 and monoclinic β-Ga2O3 is shown
in Figure 4b.33 κ-Ga2O3(002), (004), and (006) have shifts of
around +0.26, +0.52, and +0.79° relative to β-Ga2O3(2̅01),
(4̅02), and (6̅03), respectively.

Meanwhile, another exfoliated n-Ga2O3 membrane was
etched in the ICP and RIE system, with the ambient described
in the Experimental Section, to remove the ultrathin residual
mica. Subsequently, three samples containing the as-grown n-
Ga2O3/mica, exfoliated n-Ga2O3/Kapton tape, and exfoliated
n-Ga2O3/Kapton+etching, were patterned and deposited with
Ti/Au (20 nm/200 nm) as the electrode simultaneously by the
reactive sputtering system. Figure 4c shows the interdigital
pattern of the electrode during measurement under the probe
station. For the IV curve of the as-grown n-Ga2O3 in Figure 4d,
a resistance of ≈300 Ω from −5 to 5 V is shown. For the
exfoliated n-Ga2O3, the current is in the pA range from −5 to 5
V, denoting the existence of residual mica that blocks the
carrier transport.44,45 However, with dry etching, the residual
mica is eliminated, and the conductivity is similar to the as-
grown n-Ga2O3 in Figure 4d. We observed slightly higher
resistance and Schottky behavior of exfoliated n-
Ga2O3+etching sample compared with the as-grown n-
Ga2O3/mica. This phenomenon could be attributed to (i)
material quality difference between the top n-Ga2O3 layer and
exfoliated bottom n-Ga2O3, which may contain polycrystal

Figure 4. (a) XRD patterns of n-type β-Ga2O3 grown on mica and exfoliated n-type β-Ga2O3 membrane. (b) Comparison of XRD patterns of β-
Ga2O3 and κ-Ga2O3 grown on a mica substrate; the mica (003) peak at ∼36° was used for the peak alignment. (c) Pictures of as-grown n-type
Ga2O3/mica and exfoliated n-Ga2O3/Kapton tape with interdigital patterns. (d) Linear and log scale IV curves of as-grown n-type Ga2O3/mica,
exfoliated n-Ga2O3/Kapton tape, and exfoliated n-Ga2O3/Kapton tape with dry etching.
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interfacial layer,46,47 and (ii) plasma damages after Ar dry
etching.48,49

The vdW-bond-assisted exfoliation demonstrated in this
work could be employed to fabricate vertical configuration
Ga2O3 devices, including PDs, Schottky barrier diodes (SBD),
PN diode, and bottom-gate transistors. Here, we fabricate two
vertical PDs with different metal electrodes based on the 380
nm κ-Ga2O3 membrane described in Figures 2 and 3. PD-A
uses Cu (from Cu tape) as the bottom electrode. The top
electrode is Ni/Ag deposited with an interdigital finger pattern
(Figure 5a). Both top and bottom electrodes form the
Schottky contact with the Ga2O3 membrane. From the
photoresponse spectra of this PD-A in Figure 5b, a peak
response is observed at ∼250 nm, corresponding to the
bandgap of Ga2O3 (Figure S5). For the log scale of the spectra
shown in the Figure 5b inset, a long tail can be observed after
the peak response, which could be attributed to the persistent
photoconductivity (PPC) effect that commonly exists in
Ga2O3 PDs.35,50,51 In Figure 5c, due to the high Schottky
barrier height from metal/semiconductor contact, this PD has
a weak photoresponse from 1 to 7.5 V, while the photocurrent
increases abruptly after bias reaching 10 V. The responsivity is
∼11 A/W under 250 nm illumination at 15 V. This
responsivity is calculated by the following equation:

R
I I

D S
photo dark=

× (1)

where Iphoto, Idark, D, and S are the photocurrent, dark current,
illumination power density, and exposure area, respectively.
The power density of 250 nm deep UV light is about 21.8 μW/
cm2, and the exposure area S is 0.162 mm2.

Figure 5d shows the time-dependent photoresponse of the
PD-A under 15 V bias with 250 nm incident light opening or
closing in a single on−off cycle. To extract the response (rise)
and recovery (decay) time, the below exponential relaxation
equation is used for the fitting:

I I A e t
0

/= + (2)

where I is the photocurrent, I0 is the steady-state current, t is
the time, and τ represents the response time.52 Based on the
fitting, the response edge and recovery edge have response
times of 1.79 and 3.30 s, respectively. This slow response is
related to the carrier trapping/releasing processes associated
with defects in the Ga2O3 film, which is also consistent with
the pronounced PPC effect in the device. Moreover, the
Schottky barrier on both anode and cathode would increase
the carrier transition time through the Schottky barrier.

To boost the PD performance, a Ti/Au metal stack which
can form an Ohmic contact with Ga2O3 was employed to
replace the bottom Cu electrode (Figure 5e), while the top
metal was maintained as a Schottky contact (Ni/Ag), forming
a vertical Schottky barrier PD. This process also denotes the
capability of exfoliating Ga2O3 membrane together with a
metal electrode (i.e., Ti/Au in this work), leading to a great

Figure 5. (a) Fabrication flow of vertical PD-A. (b) Photoresponse spectra of vertical PD-A under different biases (inset is the log scale of the
spectra). (c) Responsivity of vertical PD-A under different biases. (d) Time-dependent response of PD-A under 15 V bias and 250 nm illumination
condition. (e) Fabrication flow of Ti/Au back-coated vertical PD-B. (f) IV curves (log scale and linear scale) of the self-powered vertical PD-B
under −10 to 10 V. (h) Photoresponse spectra of self-powered PD under 0 V bias (inset is the log scale of the spectra). (i) Responsivity under
reverse bias from 0 to −5 V. (j) Time-dependent response of self-powered PD under 0 V bias and 250 nm illumination condition. The details of the
PD fabrication process of (a) and (e) are shown in the Experimental Section.
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flexibility of device architecture design. Hence, as shown in
Figure 5f, this vertical PD-B with a top Schottky contact and
bottom Ohmic contact, exhibits apparent unilateral con-
ductivity from −10 to 10 V. This phenomenon may be
explained by the band diagrams in Figure S6a. Under forward
bias, the electric field could push the intrinsic carriers moving
toward the electrode after crossing the Schottky barrier. While
under reverse bias, this high Schottky barrier on the Ni/Ga2O3
interface could block the electrons transporting from Ni to
Ga2O3, leading to a low leakage current.

Benefiting from this Schottky behavior, the fabricated
Schottky barrier PD is self-powered, as shown in Figure 5h.
The peak response appears with a responsivity of 0.017 A/W
under 250 nm illumination with 0 V bias. This is attributed to
the fact that the photogenerated electrons and holes in Ga2O3
could drift toward the electrode caused by the built-in
electrical field near the Schottky barrier even without applying
bias. The sudden bump at ∼580 nm could be attributed to the
system noise at such a low current. Adding external bias during
illumination would improve the photocurrent due to the
enhanced electrical field. Hence, the responsivity would
increase with the enlarged bias as shown in Figure 5i. Under
−5 V bias, the responsivity could reach 36.1 A/W under 250
nm illumination, which is much higher than PD-A under 5 V.
Figure 5j represents the time-dependent photoresponse of the
self-powered PD under 0 V bias with 250 nm incident light
opening or closing in a single on−off cycle. The time-
dependent response in 400 s with an on/off interval of 20 s is
shown in Figure S6b. The distinguished photoswitching
response curve, suggests the reproducible and stable photo-
response of the demonstrated PD. From the fitting, the
response edge and recovery edge have response times of 1.02
and 1.36 s, respectively. The improved response time
compared with PD-A could be attributed to the shorter
transition time through the Ohmic contact, and the less severe
PPC effect under 0 V bias.53 This self-powered photo-
conductance and short response time in the solar-blind region
could have great potential in applications in the military and
civilian fields.

Notably, this vdW-bond-assisted exfoliation method could
be extended to all vertically configured electronics. For
example, by growing a n−-Ga2O3/n+-Ga2O3 stack on a mica
substrate and exfoliating it with the metallization, the vertically
configured SBD could be demonstrated, getting rid of the
indispensably expensive n+-Ga2O3 substrate in Ga2O3
SBD.39,54 The heat dissipation in these high power devices
could also be easily addressed by adopting metal tape or
foreign substrates with high thermal conductivity. Moreover,
vertical PN junctions such as n-Ga2O3/p-NiO could be also
acquired after the predeposition and exfoliation from the mica
substrate, which may be applied to the PN junction diode and
PN junction PD. After transferring semiconductor membrane
to flexible and cheap tape via the proposed one-step exfoliation
method, the fabricated devices could have an enormous impact
on future vertical optoelectronics and power electronics,
especially in wearable and foldable applications.

■ CONCLUSION
In conclusion, in this work, a novel and straightforward one-
step method to exfoliate and transfer Ga2O3 membrane is
demonstrated along with the vertically configured self-powered
PD for UV light detection. This exfoliation process is
accomplished by intentionally breaking the weak vdW bond

between the Ga2O3 membrane and mica substrate with
adhesive tape. First, the exfoliation consistency was examined
using single-oriented κ-Ga2O3 and n-type Ga2O3 epitaxially
grown on mica under high temperature. For the κ-Ga2O3
membranes, two different thicknesses (380 and 95 nm) were
successfully exfoliated and transferred to tape, confirmed by
the cross-sectional SEM and exfoliation boundary profile. For
n-type Ga2O3, the exfoliated membrane maintained a similar
conductivity to the as-grown Ga2O3 after drily etching the
residual ultrathin mica. To reveal the Ga2O3 membrane
properties, two vertical UV PDs with different bottom
electrodes were demonstrated. PD-A which has Cu as the
bottom electrode exhibits a responsivity of ∼11 A/W under
250 nm illumination at 15 V. PD-B instead has a bottom Ti/
Au Ohmic contact and behaves as a self-powered PD whose
responsivity can reach 17 mA/W with 250 nm illumination
under 0 V bias.

Overall, the proposed technique which exfoliates Ga2O3
from mica substrate has tremendous benefits. For example, the
high-temperature tolerance and atomic-level flat surface
properties of mica substrate provide a superior scope of
high-quality Ga2O3 epitaxy. The exfoliation strategy is simple
and feasible and does not need additional procedures or
equipment. In addition to that, the primal mica substrate could
be recycled for further deposition after exfoliation. Moreover,
with the transfer of flexible and cheap tape, the Ga2O3
membrane and its-related devices could be applied in variable
environments, including wearable and foldable applications.
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