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ABSTRACT

In this research, b-Ga2O3/NiO heterostructures were grown directly on CeO2 buffered Hastelloy flexible substrates. With pulsed laser
deposition under high temperatures, as-grown b-Ga2O3 and NiO thin films have a preferred out-of-plane orientation along the h�201i and
h111i directions. This is due to the ideal epitaxial ability of the CeO2 buffer layer, which serves as a perfect template for the epitaxial growth
of single-oriented NiO and b-Ga2O3 by creating a constant gradient from CeO2 (2.7 Å along h001i) to NiO (2.9 Å along h110i), and eventu-
ally to b-Ga2O3 (3.04 Å along h010i). The Hastelloy substrates endow photodetectors with good deformability and mechanical robustness.
Moreover, owing to the type-II band alignment of b-Ga2O3/NiO heterostructures, the photodetectors have a good photocurrent at zero bias
under 284 nm of light illumination. In addition, the photocurrent is significantly higher than when using an analogous heterostructure (as
described in some previous reports), because the b-Ga2O3 and NiO thin films are crystalized along a single orientation with fewer defects.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0146030

In recent years, b-Ga2O3 has attracted significant interest due to
its ultra-wide bandgap (�4.9 eV), high breakdown electric field
(�9MV/cm), excellent thermal stability, and high absorption coeffi-
cient for deep ultraviolet (DUV) light.1,2 Because of these unique prop-
erties, b-Ga2O3 is considered one of the best candidates for
photodetector (PD) applications. However, to ensure that devices based
on b-Ga2O3 are reliable and achieve high performance, the density of
defects and dislocations in the b-Ga2O3 material must be limited.
Therefore, b-Ga2O3 should be crystalized with a single orientation.3,4

To realize the application of these photodetectors in the emerging fields
of wearable and foldable electronics, such single-oriented b-Ga2O3 thin
films are desired to be deposited on flexible substrates.5 Until now,
most of the reported single-oriented DUV photodetectors (PDs) based
on b-Ga2O3 were fabricated on rigid substrates without any mechanical
flexibility.4,6,7 We notice that recently Chen et al. and Lu et al. both suc-
cessfully synthesized b-Ga2O3 flexible PDs with excellent performances
by using mica as the template.8–10 In their work, they directly utilized
the lattice structure of mica for epitaxial growth of b-Ga2O3.

Here, we report on the epitaxial growth of single-oriented
b-Ga2O3 on a buffered Hastelloy flexible substrate. Different from
mica, the Hastelloy substrate as a metallic material has much higher
tensile strength; hence, it might be more promising in actual
flexibility-required applications.11,12 However, due to its polycrystal-
line nature with no preferred orientation, it cannot directly serve as an
epitaxial template.

To solve this issue, the Hastelloy substrate is functionalized
with single-oriented multi-buffer layers by using the ion-beam
assisted deposition (IBAD) technique to meet the crystalline require-
ments for the epitaxy of b-Ga2O3. On the other hand, the energy
supply systems of conventional flexible devices rely on external bat-
teries, resulting in reduced portability and comfort of the products.13

Hence, building flexible devices that operate without a power supply
(i.e., self-powered) is essential. Previous reports have demonstrated
that Ga2O3 photodetectors can operate in a self-powered mode
when constructed with NiO to form a type-II p–n junction.14,15

Inspired by their work, we report the direct epitaxial growth of the
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single-oriented b-Ga2O3/NiO heterostructure on the buffered
Hastelloy flexible substrate.

To realize the formation of a high-quality CeO2 (001) layer, the
Hastelloy substrate (10mm width and 50lm thickness) was initially
coated successively with Al2O3 (80 nm) and Y2O3 (20 nm) layers using
reactive RF sputtering. Subsequently, it was coated with MgO (5nm)
and LaMnO3 (20nm) using ion-beam assisted deposition (IBAD) and
magnetron sputtering techniques, respectively. Here, Al2O3/Y2O3

served as the planarization layer, while MgO/LaMnO3 served as the
seed layer for CeO2 growth. Then, 200 nm of the CeO2 (001) buffer
layer was grown using pulsed laser deposition (PLD) to finalize the
functionalization of the Hastelloy substrate. On top of the CeO2 layer,
an n-type b-Ga2O3 (silicon-doped 1wt. %)/p-type NiO (lithium-
doped 1wt. %) heterostructure was successively grown using PLD
with a laser pulse frequency of 5Hz and an energy per pulse of 450
mJ. During deposition, the substrate temperature and oxygen partial
pressure were, respectively, set to 400 �C and 200 mTorr for the NiO
layer and 640 �C and 5 mTorr for the Ga2O3 layer.

A cross-sectional transmittance electron microscopy (TEM)
image and energy dispersive X-ray spectrum (EDX) for the b-Ga2O3/
NiO/CeO2/LaMnO3/MgO/Y2O3/Al2O3/Hastelloy stacked structure
are, respectively, depicted in Figs. 1(a) and 1(b). The EDX images indi-
cate the formation of clear interfaces between each layer in the stacked
structure. In particular, no element (Ga, Ni, or Ce) diffusion can be
observed between the b-Ga2O3, NiO, and CeO2 layers.

Figure 2(a) presents the XRD 2-theta patterns of the stacked
structure, where a strong (002) peak together with a weak (111) peak
can be observed for CeO2. Here, (002) is the preferred orientation, and
(111) is the random orientation. Above CeO2, the NiO layer only
exhibits the preferred orientation along (111). The b-Ga2O3 layer is
characterized by a series of diffraction peaks from the {�201} planes.
Overall, the 2-theta patterns demonstrate an epitaxial relationship of
b-Ga2O3 {�201}//NiO {111}//CeO2 {001} for the b-Ga2O3/NiO/CeO2

stacked structure, which can also be reflected from the FFT patterns in
Fig. 1(c).

To elucidate the in-plane epitaxial relationship of the b-Ga2O3/
NiO/CeO2 stacked structure, we also measured the phi-scan XRD pat-
tern on (111) reflections of CeO2, (001) reflections of NiO, and
(�401) reflections of b-Ga2O3, as shown in Fig. 2(b). The phi-scans

for CeO2 exhibited four distinct peaks with an interval of 90�, indicat-
ing a typical in-plane cubic fourfold symmetry. The phi-scans for both
NiO and b-Ga2O3 indicated 12 peaks appearing at the same positions
with an interval of 30�. Interestingly, we did not observe “cube-on-
cube” in-plane epitaxy when NiO was grown on CeO2 (001). This is
due to the large mismatch (55%) between the lattice constants along
NiO (001) and CeO2 (001), which were 4.2 and 2.7 Å, respectively.16,17

In contrast, the lattice constant for NiO along (011) was 2.9 Å, result-
ing in a small lattice mismatch of 7% with the lattice constant for
CeO2 along (001).

17 As a result, NiO (111), instead of (001), was epi-
taxially grown on the CeO2 (001). It is known that NiO (111) has
threefold symmetry; therefore, the appearance of the 12 peaks in the
phi-scan indicates the formation of four NiO (111) domains with a
rotation angle of 90� between them. For b-Ga2O3, the lattice constant
along [010] was 3.04 Å, resulting in a lattice mismatch between the
NiO [110] and the b-Ga2O3 [010] of only 3.4%.4,17 Hence, b-Ga2O3

(�201) can be readily grown on NiO (111) with two domains rotated
by an angle of 90�. The results also revealed that NiO (111) serves as a
buffer layer by providing a lattice gradient from CeO2 (001) to b-
Ga2O3 (�201). Since the b-Ga2O3 (�201) plane has sixfold symmetry,
the 12 peaks in the phi-scan indicated the formation of two b-Ga2O3

(�201) domains with a rotation angle of 90� between them. A simpli-
fied scheme for the epitaxial relationship between the b-Ga2O3

(�201), NiO (111), and CeO2 (001) planes and an atomic arrange-
ment model for the whole b-Ga2O3 (�201)/NiO (111)/CeO2 (001)
stacked structure are illustrated in Figs. 2(c) and 2(d), respectively.

FIG. 1. (a) Cross-sectional TEM image; (b) corresponding EDX mapping of the
stacked structure; (c) fast Fourier transform (FFT) pattern for the layers of b-
Ga2O3, NiO, and CeO2 (from top to bottom).

FIG. 2. (a) 2-theta XRD spectra measured on the b-Ga2O3/NiO/CeO2/LaMnO3/
MgO/Y2O3/Al2O3/Hastelloy stacked structure; (b) phi-scan for the layers of b-
Ga2O3, NiO, and CeO2 (from top to bottom); (c) simplified scheme of the epitaxial
relationship between the b-Ga2O3 (�201), NiO (111), and CeO2 (001) planes; (d)
atomic arrangement model of the b-Ga2O3 (�201)/NiO (111)/CeO2 (001) stacked
structure.
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Following thin film deposition, a part of b-Ga2O3 was completely
etched using BCl3. Then, the sample was fabricated into photodetec-
tors by depositing Ti/Au (R¼ 120 lm) and Ni/Au (R¼ 150 lm) con-
centric rings as the electrodes on top of b-Ga2O3 and NiO,
respectively. It should be noted that a 2 lm gap was incorporated
between the b-Ga2O3 part and the Ni/Au electrode to avoid any direct
contact. The flexible photodetectors and geometry (inset) are shown in
Fig. 3(a). The current–voltage (I–V) curves of the photodetectors in
the dark conditions and under 284nm light illumination with a power
density of 15 lW/cm2 are depicted in Fig. 3(b). The photodetector
exhibited clear rectifying I�V characteristics and a photocurrent
above 3 nA at zero bias under light illumination. The photoresponsiv-
ity at zero bias was calculated as 600mA/W using

R ¼
Iphoto � Idark

D� S
; (1)

where R, Iphoto, Idark, D, and S are the photoresponsivity, photocurrent,
dark current, light power density, and exposure area, respectively. The
photocurrent as a function of the illumination light wavelength is
shown in Fig. 3(c). The spectrum was characterized by a broad peak
from 350 to 200 nm, centered at 284nm. Such broad detectivity can be
ascribed to two collective effects. The first is from the bandgap (4.8 eV)
of b-Ga2O3 relating to the electronic transition from O 2p occupied
states to Ga 5s unoccupied states. The second is the bandgap (3.6 eV)
of NiO relating to the electronic transitions from the occupied O 2p

states hybridized with Ni 3d characteristics to the unoccupied Ni 3d
state.21 Based on the spectrum, a rejection ratio (R284/R450 nm) of
approximately 3� 103 was obtained, suggesting high spectral selectiv-
ity. The time-dependent photoresponse (I� t) is shown in Fig. 3(d),
which was achieved by turning the 284nm illuminating light on and
off periodically at zero bias. The measurement was performed under
three conditions: flat, bending, and flat after a fatigue test of 2000
bending cycles. Here, the bending condition was achieved by pasting
the flexible sample on semicircular cylinder molds with a radius of
10mm, as shown in Fig. 3(e). Furthermore, the fatigue test was con-
ducted by automatically stretching and compressing the sample using
a homemade machine. The results indicated that the flexible photode-
tector has a fast response when turning the UV illumination on and
off. Since the sample was largely unaffected by the bending and fatigue
tests, it can be considered to have high mechanical robustness. The
photocurrent response for a single cycle of the flexible photodetector is
shown in Fig. 3(f). By applying bi-exponential fitting, the response
time (sr) and the decay time (sd) were estimated as 0.14 and 0.49 s,
respectively.

To obtain a more fundamental understanding of the self-
powered photoelectrical performances of the devices, the b-Ga2O3/
NiO heterostructure was also subjected to high-resolution x-ray pho-
toelectron spectroscopy (HR-XPS) measurements to investigate the
band alignment, as shown in Figs. 4(a)–4(c). By applying Eqs. (2) and
(3), the offsets of the valence band VBO (DEv) and the conduction
band CBO (DEC) were obtained,

FIG. 3. (a) Picture of the flexible photodetectors and the geometry (inset); (b) I–V curve in linear and log scales (inset) measured on the photodetector in both a dark condition
and under 284 nm of light illumination; (c) wavelength-dependent responsivity of the sample; (d) time-dependent photoresponse curves measured on the sample under 284 nm
light illumination that turned on/off periodically at 10 s intervals for three conditions: flat, bending, and after the fatigue test; (e) picture of the sample under bending; (f) photocur-
rent response for a single on/off cycle.
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DEV ¼ ðEb�
Ga2O3

Ga
2p � Eb�

Ga2O3
VBMÞ � ðENiO

3d � ENiO
VBMÞ

þ ðEb�
Ga2O3

=NiO
Ni 3d � Eb�

Ga2O3

=NiO
Ga 2pÞ; (2)

DEC ¼ ðENiO
g � Eb�

Ga2O3g
Þ – DEV: (3)

Here, Eb�
Ga2O3

Ga
2p , E

b�
Ga2O3

VBM, ENiO
3d , and ENiO

VBM are the core levels and the
valence band maximum (VBM) for b-Ga2O3 and NiO, respectively;

Eb�
Ga2O3

=NiO
Ni 3d and Eb�

Ga2O3

=NiO
Ga 2p are the corresponding values obtained on

the b-Ga2O3/NiO heterostructure; and ENiO
g and Eb�

Ga2O3g
are the opti-

cal band gaps of NiO and b-Ga2O3, respectively.
18

The core levels and the valence band maximum (VBM) were
obtained from the XPS results, as shown in Figs. 4(a)–4(c). For NiO,
the binding energy of Ni 2p3/2 and the VBM were 856.05 and 0.50 eV,
respectively. For b-Ga2O3, the binding energy of Ga 2p3/2 and the
VBM were 1118.61 and 1.50 eV, respectively. Accordingly, the separa-
tion energy between the core level and the VBM for NiO and b-Ga2O3

were 855.55 and 1117.11 eV, respectively.
For the b-Ga2O3/NiO heterostructure, the binding energies of Ni

2p3/2 and Ga 2p3/2 were determined as 857.05 and 1119.00 eV, respec-
tively. Then, the energy discrepancy between the Ga 2p3/2 and Ni 2p3/2
core levels was calculated as 261.95 eV. In general, the optical bandgap
for NiO and b-Ga2O3 is obtained by using UV�vis measurements.
However, in this research, because the Hastelloy substrate is not trans-
parent, UV-Vis measurements were not straightforward to perform.

Therefore, the bandgap values for NiO and b-Ga2O3 were obtained
directly from previous reports as 4.80 and 3.60 eV, respectively.19,20

Based on these results, DEV and DEC were calculated as 0.39 and
0.81 eV, respectively.

Based on the previously determined values, a type-II band align-
ment for the b-Ga2O3/NiO heterostructure was estimated, as shown
in Fig. 4(d). In such a b-Ga2O3/NiO heterostructure, NiO and b-
Ga2O3 have different Femi energy levels. To reach a unified Femi
energy level in thermal equilibrium, the electrons in the n-type b-
Ga2O3 layer move to the NiO film side, while the holes in the p-type
NiO layer move in the opposite direction. As a result, downward and
upward bending occurs at energy levels near the p-type NiO and n-
type b-Ga2O3 surfaces, respectively. Meanwhile, a built-in electric field
from b-Ga2O3 to NiO is created at the b-Ga2O3/NiO interface. In
dark conditions, the built-in potential can provide a small number of
electrons and holes in the heterostructure with flowing mobility,
resulting in a low dark current, even under zero-bias voltage. In con-
trast, a large number of electron-hole pairs is created when the hetero-
structure is illuminated by DUV light. Moreover, increased carrier
density at the interface can narrow the depletion region and decrease
the barrier height. As a result, the current is significantly enhanced
when the device is under light illumination.

To conclude, the developed flexible self-powered photodetectors
based on the b-Ga2O3/NiO type-II heterostructure exhibit good
deformability and mechanical robustness while achieving superior

FIG. 4. (a) XPS spectra of Ga 2p core levels and the valence band from the b-Ga2O3 layer; (b) XPS spectra of Ni 2p core levels and the valence band from the NiO layer;
(c) XPS spectra of Ga 2p and Ni 2p core levels for the b-Ga2O3/NiO heterostructure; (d) schematic representation of the band alignment at the b-Ga2O3/NiO interface.
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photo responsivity and similar response speed compared to devices that
use the analogous heterostructure described in some previous
reports.9,10 The key parameters include the crystal quality of Ga2O3 and
NiO, responsivity, and response speeds, and the illuminating conditions
described in this work (and the other two reports) are summarized in
Table I. In the other reports, the photodetectors were illuminated by a
254nm single wavelength ultraviolet (DUV) lamp, while the light
source in our research was a xenon lamp that incorporated a mono-
chrometer. This meant that the power density (15 lW/cm2) was much
smaller compared to the other reports (at least 100 and 300 lW/cm2).
It is known that the responsivity decreases with applied light intensity
due to the self-heating effect induced by strong light illumination.
Hence, the illuminating power difference could be a reason for the high
responsivity obtained in our research. More importantly, we believe
that the high responsivity can also be attributed to the ideal epitaxial
ability of the CeO2 buffer layer, which serves as a perfect template for
the epitaxial growth of single-oriented NiO and b-Ga2O3. This is
achieved by creating a constant gradient from CeO2 (2.7 Å along h001i)
to NiO (2.9 Å along h110i) and eventually to b-Ga2O3 (3.04 Å along
h010i). In contrast, the heterostructures in the previous reports used
either amorphous or randomly oriented Ga2O3/NiO thin films, in
which a large number of trap states can accumulate on the defects and
oxygen vacancies.1,4,22 When illuminated by light, excited electrons can
be easily captured by such trap states. Consequently, this causes
amorphous/randomly oriented Ga2O3/NiO thin films to exhibit much
lower photo responsivity compared to the mono-oriented counterparts
described in our research. In summation, we provide an ideal flexible
platform for in situ growing of a single-oriented b-Ga2O3/NiO hetero-
structure, which is promising for making flexible self-powered DUV
photodetectors.
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TABLE I. Comparison of the flexible self-powered b-Ga2O3/NiO PD described in this work with previously reported flexible Ga2O3/NiO PDs.14,15

Crystal quality (b-Ga2O3/NiO)
Responsivity

(mA/W at 0V)
Response time
(rise/decay) (s)

Light power density
(lW/cm2) References

Single-orientation/random orientation 1.78 0.012/0.08 270 14
Amorphous/single-orientation 0.05 0.34/3.65 100 15
Single-orientation/single-orientation 600 0.49/0.14 15 This work
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