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Flexible Crystalline -Ga2O3 Solar-blind Photodetectors 

Junyu Laia, Md Nazmul Hasana, Edward Swinnicha, Zhao Tangb, Sang-Ho Shinc, Munho Kimc , 
Peihong Zhangb, Jung-Hun Seoa,* 

This paper reports a demonstration of β-Ga2O3 nanomembrane (NM) based flexible photodetectors (PDs) and their 

optoelectrical properties under bending conditions. Flexible β-Ga2O3 NM PDs exhibited a reliable solar-blind photo-detection 

under bending conditions. Interestingly, a slight shifting in wavelength of the maximum solar-blind photo-current was 

observed under the bending condition. To investigate the reason for this peak shifting, optical properties of β-Ga2O3 NMs 

under different strain conditions were measured and revealed the changes in the refractive index, extinction coefficient and 

bandgap of strained β-Ga2O3 NMs due to the presence of nano-sized cracks in β-Ga2O3 NMs. A Multiphysics simulation and 

a density-functional theory calculation results for strained β-Ga2O3 NMs showed that the conduction band minimum and 

the valence band maximum states were shifted nearly linearly with the applied uniaxial strain which caused changes in 

optical properties in β-Ga2O3 NM. We also found that nano-gaps in β-Ga2O3 NM play a crucial role in enhancing 

photoresponsivity of β-Ga2O3 NM PD under bending conditions due to secondary light absorption by reflected light from 

nano-gap surfaces. Therefore, this research provides a viable route to realize high-performance flexible photodetectors 

which is one of the indispensable components in future flexible sensor systems.  

Introduction 

Wide bandgap (WBG) semiconductor-based solar-blind 

photodetectors (PDs) have attracted considerable attention as 

an emerging technology due to their unique spectral working 

region, which covers the deep ultra-violet (UV) range below 300 

nm, significant potential in many military and commercial 

applications, such as ozone hole monitoring, deep space 

exploration, satellites, and secure data communication.1-3 

Among WBG semiconductors, beta-phase gallium oxide (β-

Ga2O3) is considered a promising material candidate because it 

has superior UV photodetection performance due to its 

excellent electrical properties that are associated with a large 

bandgap, and intrinsically correspond to the solar-blind 

property.4, 5 To date, several β-Ga2O3 based solar-blind PDs have 

demonstrated on a planar structure or with unique 

nanostructures for realizing solar-blind UV photodetection. For 

example, Kanika et al demonstrated a self-powered β-Ga2O3 

thin film solar-blind PDs fabricated on Si substrate which 

exhibited a high on/off (I254nm/Idark) ratio of  >103 and high 

responsivity of 96.13 AW-1.6 Zou et al. presented a deep UV PDs 

with an ultralow dark current (below the detection limit of 10-14 

A), an extremely high Ilight/Idark ratio exceeding 106 with 

responsivity was as high as 851 AW-1 and fast response speed of 

<0.3s.7 All of these studies show that β-Ga2O3 based PDs exhibit 

a promising on/off ratio, solar-blind properties, and photo 

responsivity that fulfill the demands of the typical rigid form of 

high-performance solar-blind photodetectors.8 On the other 

hand, there is a wider spectrum of solar-blind PD based 

optoelectronic applications in which similar levels of UV 

detection and mechanical flexibility are simultaneously needed 

such as wearable UV monitor, flexible UV image sensor, and 

epidermal UV colorimetric dosimeter.9-11 Therefore, the 

development of a freestanding and flexible form of β‐Ga2O3, 

also called β‐Ga2O3 nanomembranes (NMs) would directly 

benefit numerous future applications that have combined 

advantages of the rigid PDs such as high photoresponsivity and 

sensitivity in addition to the flexible ones such as good 

mechanical bendability and durability. In fact, flexible 

optoelectronics based on single crystalline semiconductor NMs, 

such as Si, III-V, zinc oxide (ZnO), gallium nitride (GaN), and 

silicon carbide (SiC) have been recently demonstrated but only 

covered in near-infrared and visible range due to their smaller 

bandgap12-18, thus β‐Ga2O3 NM-based flexible PDs will open up 

a new avenue in deep UV photodetection in a flexible format. 

However, although β‐Ga2O3 NM based flexible PDs present a 

great potential for a myriad of applications, these PDs have not 

been demonstrated due to various technical challenges 

associated with a process such as a high‐temperature 

metallization process and difficulty in creating and relocating 

separated β‐Ga2O3. In 2014, a free-standing form of β‐Ga2O3 

NMs created from its’ bulk substrate using a mechanical 

exfoliation method was developed by Prof. Jena’s group at 

Cornell University and Prof. Ye’s group at Purdue University 
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after which several rigid types of β‐Ga2O3 NMs based devices 

were demonstrated.19-21 Recently, our group realized the first β‐

Ga2O3 NMs flexible high power switching devices using a micro-

transfer printing method to place β‐Ga2O3 NMs to desired 

places on a plastic substrate.22  

 In this paper, we report the first successful demonstration 

of β-Ga2O3 NM-based flexible solar-blind Schottky barrier type 

photodetectors using a micro-transfer printing technique. The 

flexible β-Ga2O3 NMs photodetectors exhibit excellent solar-

blind property under the UV illumination. Interestingly, the 

solar-blind peak positions measured under flat and bending 

conditions were slightly shifted from 252 nm for a flat condition 

to 260 nm for the bending condition. To investigate the reason 

for the peak shifting, we performed a structural property 

analysis using atomic force microscopy (AFM) and characterized 

an optical property of β-Ga2O3 NMs which revealed slight 

changes in refractive index (n) and extinction coefficient (k) due 

to the presence of nano-sized cracks in β-Ga2O3 NMs. A 

multiphysics structural analysis and a density-functional theory 

(DFT) calculation were also performed to understand the 

optoelectrical behavior of β-Ga2O3 NM under the strain 

condition. This result provides a viable route in the realization 

of high performance flexible solar-blind photo-detection 

systems, which is one of the indispensable and important 

components in the upcoming internet of things era. 

Results and discussion 

Fig. 1(a) presents an illustration of the transfer printed β-Ga2O3 

NM on a flexible polyimide (PI; Sigma Aldrich) substrate. The 

details of the fabrication process can be found in the 

supplementary Information (Fig. S1), but to be brief, the 

fabrication began with a mechanical cleaving of several large 

segments from bulk β-Ga2O3. The bulk β-Ga2O3 was grown by 

molecular beam epitaxy (by Novel crystal) and doped with Sn at 

1 × 1018 cm-3 in the [201] direction. As shown in Fig. S1(a)(i), β-

Ga2O3 bulk was cleaved along an angle of 77o due to its highly 

anisotropic monoclinic crystal structure. 22 β-Ga2O3 fakes were 

then created and ready to be exfoliated using a well-known 

micromechanical cleavage technique (also known as the 

“Scotch-tape” method). After this step, sub-micron thin β-

Ga2O3 fakes were called β-Ga2O3 NMs. The crystal orientation of 

the cleaved surface became the [100] direction in β-Ga2O3 NMs. 

After exfoliation β-Ga2O3 NMs were obtained, we carefully 

transfer-printed them onto an adhesive (SU-8 2002; 

MicroChem) coated plastic substrate (PI, polyimide; Sigma 

Aldrich) by using an elastomeric stamp (polydimethylsiloxane, 

PDMS), followed by a curing process to permanently bond the 

β-Ga2O3 NMs onto the PI substrate as shown in Fig. 1(a). (Also 

shown in Fig. S1(a)(ii) – (v)). Fig. 1(b) and (c) present a three-

dimensional and cross-sectional profiles of the transfer-printed 

β-Ga2O3 NM on the PI substrate captured using a surface 

profilometer (Filmetric Profilm3D). A thickness of transfer 

printed β-Ga2O3 NMs were measured to 370 nm. After 

completion of the transfer and bonding processes, a Ti/Au 

Ohmic metal stack (Ti/Au= 10/100 nm) and a Ti/Pt/Au Schottky 

metal stack (Ti/Pt/Au = 10/30/150 nm) were deposited to 

complete the fabrication of the device (Fig. S1(a)(vi)). Prior to 

Ohmic metal deposition, plasma treatment was carried out on 

β-Ga2O3 NMs by a BCl3/Ar plasma treatment using a reactive ion 

etcher (RIE) to achieve ohmic contact and to avoid an additional 

high-temperature annealing process. Then, the sample was 

then ready for the electrical and optical characterization under 

different bending conditions. Fig. 1(d) illustrates the device 

Figure 1. (a) An illustration of printed β-Ga2O3 NM on SU-8 coated PI substrate. (b) A three-dimensional morphology and (c) a 

cross-section of printed β-Ga2O3 NM on PI substrate. (d) an illustration of the β-Ga2O3 NM PD under the bending test. (e) a camera 

image of fabricated β-Ga2O3 NM PDs under bending condition. (f) a microscopic image of the finished β-Ga2O3 NM PDs. 
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characterization under UV illumination and Fig. 1(e) and (f) 

show the camera image and microscopic image of as-fabricated 

β-Ga2O3 NM PDs under bending condition.  

 The electrical property of β-Ga2O3 NM PDs was measured 

using a Keithley 4200 semiconductor parameter analyzer. Fig. 

2(a) shows the current density-voltage (J–V) characteristics of 

β-Ga2O3 NM PDs at a flat condition. The devices exhibited good 

rectifying behavior with an ideality factor (n) of 1.21 and an 

on/off ratio higher than 106, which are similar to the rigid 

version of the β-Ga2O3 NM PDs reported by others.23 Fig. 2(b) 

shows the temperature-dependent J–V characterization of β-

Ga2O3 NM PDs over a temperature ranged from 293 K (20 oC) to 

373 K (100 oC). A stable rectifying behavior was observed at all 

temperatures. As the operating temperature increased, both 

forward and reverse current increased smoothly which can be 

explained by thermally generated carrier tunneling and the 

thermionic emission across the Schottky barrier.24 To obtain a 

better understanding of the Schottky barrier height of the 

device, the Richardson’s plot was used. Firstly, the J–V 

relationship for a metal-semiconductor diode, based on the 

thermal emission theory, can be expressed as25: 

𝐽 = 𝐽𝑠 {exp (
𝑞𝑉

𝑛𝑘𝑇
) − 1}                                                                          (1) 

where Js is the saturation current density that can be calculated 

from equation (2):  

𝐽𝑠 =
𝐼𝑠

𝐴
= 𝐴∗ · 𝑇2 · exp (−

𝑞𝜙𝑏

𝑘𝑇
)                                                       (2) 

where, A* is the effective Richardson constant, the term 𝜙𝑏  is 

the Schottky barrier, q is the electron charge, V is the forward 

bias voltage, A is the effective diode area, k is the Boltzmann’s 

constant, T is the temperature in Kelvin and n is the ideality 

Figure 3. (a) J-V characteristics of β-Ga2O3 NM PDs under dark and 252 nm light illumination at flat condition. (b) Photoresponse 
spectrum of the β-Ga2O3 NM PDs under a flat condition at a voltage bias of -5 V. (c) Single response time for turned-on and 
turned-off states at -10 V. (d) J-V characteristics of β-Ga2O3 NM PDs under dark and 260 nm light illumination under bending 
condition. (e) Photoresponse spectrum of the β-Ga2O3 NM PDs under bending condition at a bias voltage of -5 V. (f) plot of peak 
photoresponsivity and peak wavelength with respect to strain.  

Figure 2. (a)  J-V characteristics flexible β-Ga2O3 NM PDs at a flat 
condition. (b) Temperature-dependent J-V characteristics of 
flexible β-Ga2O3 NMs PDs at a flat condition. (c) Richardson’s plot 
of β-Ga2O3 NM PDs at a flat condition. (d) A re-constructed band 
diagram of β-Ga2O3 NM PDs using measured parameters. 
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factor. For the evaluation of the Schottky barrier height, 

Equation (2) can be written as:  

ln (
𝐽𝑠

𝑇2) = ln(𝐴∗) − exp (−
𝑞𝜙𝑏

𝑘𝑇
)                                                           (3)  

 To obtain the saturation current Js, we can estimate the 

current based on Fig. 2(b) by linearly extrapolating J to zero 

voltage. After that, according to Equation 3, the Richardson’s 

plot of the saturation current density was obtained, which is 

shown in Fig. 2(c). From the linear fit to the plot, the barrier 

height was calculated to be 1.06 eV, which agrees well with the 

Schottky barrier height between the β-Ga2O3 NM and platinum 

(Pt) electrode.26 Finally, the band diagram of flexible β-Ga2O3 

NM PDs was constructed, as illustrated in Fig. 2(d) and the 

measured barrier height was large enough for the current 

rectification in β-Ga2O3 NM PDs. 

 The J-V characteristics of the β-Ga2O3 NM PDs were 

measured both under flat and bending conditions using a 1 mW 

tunable light source (Horiba, 200 nm ~ 450 nm). As shown in Fig. 

3(a), β-Ga2O3 NMs PDs exhibited noticeably high photocurrent 

with the Jphoto/Jdark ratio larger than 103 times at -10V at the flat 

condition. The wavelength-dependent photo responsivity of the 

device (Rph vs. wavelength) was calculated from the following 

equation:25 Rph = Iph / Popt, where Iph is the photocurrent and Popt 

is the power of the incident light. From Fig. 3(b), the peak of the 

photo responsivity was observed about 0.52 mA/W at 252 nm, 

which agrees well with the bandgap of β-Ga2O3 NMs.27 Given 

the performance parameters of the PDs such as the cutoff 

wavelength of the photodetector (define as the wavelength of 

the light whose responsivity decrease to 1/e (e ~ 2.718) of the 

maximum responsivity) at 252 nm and the UV – visible rejection 

ratio (defined as the ratio of the responsivity at 252 nm and 400 

nm (R252 / R400)) of 103 times, our β-Ga2O3 NMs PDs showed 

strong solar-blind selectivity and was comparable with the 

result from rigid forms of β-Ga2O3 PDs.28 Fig. 3(c) shows a single 

cycle of photoresponse under light illumination to observe the 

rise time (rise, time for the photocurrent to rise from 10 % to 90 

%) and the fall time (fall, time for the photocurrent to decrease 

from 90 % to 10 %) which were measured to be 4 sec and 24 

sec, respectively, which were related to carrier recombination, 

generation and the minority carrier lifetime. Compared with the 

response times during light activation, the relatively slow 

deactivation response might be attributed to the recombination 

behavior of the photogenerated carriers in the active region.29 

Optoelectrical properties under different bending conditions 

were then investigated. In order to study optoelectrical 

performance under bending conditions, the device was 

attached to the convex- and concave-shaped aluminum molds 

that have different curve radii from 110 to 20 mm which 

corresponds up to 0.33 % of the uniaxial tensile strain (for the 

convex mold) and up to 0.19 % of the uniaxial compressive 

strain (for the concave mold). Fig. 3(d) shows the J–V 

characteristics of β-Ga2O3 NM PDs under 0.33% of the uniaxial 

tensile strain with UV illumination. The wavelength-dependent 

photo responsivity of the device under the bending condition is 

shown in Fig. 3(e). The rejection ratio under the bending 

condition is slightly decreased to 8 × 10-2 mostly due to a larger 

photo-current at a visible regime. Interestingly, as the more 

uniaxial strain was applied, the peak of the photo responsivity 

gradually shifted to the higher wavelength and reached 260 nm 

under the highest bending condition (0.33 % of the uniaxial 

tensile strain). Fig. 3(f) presents the changes in photo 

responsivity and peak wavelength values under different strain 

conditions. The highest photo responsivity was also increased 

from 0.52 A/W at 252 nm to 1.18 A/W at 260 nm under the 

bending condition. Table 1 shows a comprehensive comparison 

of our work with some of the representative flexible 

photodetectors based on wide bandgap single-crystalline 

Table 1. A comparison of our work with some of the representative flexible photodetectors based on other wide bandgap single-
crystalline semiconductors.
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semiconductors such as ZnO, GaN, Ga2O3 in various forms 

(nanowires, nanosheets, and thin-films).4, 30-39  

    Interestingly, the peak shifting under the strain condition has 

never been reported in any other single-crystal semiconductor 

based photodetectors. To elucidate the reason for this peak 

shift, the optical property characterization was performed to 

measure the refractive index (n), extinction coefficient (k), and 

eventually, bandgap of β-Ga2O3 NM under the same strain 

conditions using a reflection measurement system at the 

wavelength from 200 nm to 400 nm (Fig. S1). The details of the 

characterization processes can be found in the supplementary 

Information. The optical properties of a medium can be 

described by the complex index of refraction (N = n - ik) and the 

absorption coefficient (α) can be obtained from the extinction 

coefficient using the following equation: α(λ) =
2𝜋𝑘(𝜆)

𝜆
.40, 41 The 

optical bandgap for the direct electron transition can be 

calculated using the following formula42:  𝛼ℎ𝑣 = 𝐶(ℎ𝑣 −

𝐸𝑔)1/2, where hv is the photon energy,  is the wavelength and 

C is a constant. From the Tauc plot, as shown in Fig. 4(a), the 

bandgap (Eg) could be estimated by extrapolating the linear 

sections to the axis of energy (hv). The optical band gap of β-

Ga2O3 NM at flat condition is around 4.92 eV, which agrees well 

with the reported values 4.9 eV of β-Ga2O3 NM.27, 43 Fig. 4(b) and 

Table S1 summarize the changes of optical bandgap under 

different strain conditions of β-Ga2O3 NM showing the 

decreasing trend in optical bandgap values from 4.92 eV to 4.75 

eV under 0.19% of compressive strain and 4.92 eV to 4.7 eV 

under 0.33% of tensile strain. Therefore, the reduction in the 

optical bandgap due to the bending is responsible for the peak 

shifting from 252 nm to 260 nm. 
To further understand the mechanism for the bandgap 

reduction, we perform the density functional theory (DFT) 
calculation for strained β-Ga2O3 NMs. Although it is difficult to 
model the realistic material condition in our bending 
experiment using first-principles methods, we believe that one 
of the most important consequences of our bending 
experiment is that it caused a non-uniform strain in the β-Ga2O3 
NM. The strain variation at the microscopic level may have been 
much greater than the overall macroscopic strain. This local 
strain variation then caused both distortion and broadening of 
both the valence and conduction band edges. This process 

effectively lowered the conduction band minimum (CBM) and 
raising the valence band maximum (VBM), thus causing the 
apparent absorption gap to decrease with both compressive 
and tensile strain. Therefore, to corroborate the experimental 
results, we also carried out DFT based first-principles electronic 
structure calculations of that β-Ga2O3 NM under strains, paying 
particular attention to the shifts in the conduction and valence 
band edges. All calculations were carried out using 
pseudopotential plane wave based DFT methods as 
implemented in the Quantum Espresso package.44, 45 The 
Perdew-Burke-Ernzerhof (PBE) functional was used in this work 
for structural optimizations and electronic structure 
calculations.46 Fig. 5(a) shows the three-dimensional crystal 
structure of β-Ga2O3 to indicate the optimized lattice constants 
for β-Ga2O3 are a = 12.333 Å, b = 3.062 Å, and c = 5.838 Å. These 
values are about 1% larger than the experimental values. 47 48  

This is expected since it is known that the PBE functional slightly 
over-estimates the lattice constant for most materials. In order 
to investigate the effects on local strain on the band edge states, 
i.e., CBM and VBM, we carried out constrained structural 
optimization by applying strain along with one of the lattice 
direction, while allowing the lattice to relax in other two 
directions. Fig. 5(b) shows the CBM and VBM states are shifted 
nearly linearly with applied uniaxial strain with a linear 
deformation potential δE/(δl/l) = 14.2 eV and 18.2 eV for the 
VBM and CBM states, respectively. The local variation of strain 
(from the mean value) will then cause the band edges to 
broaden, resulting in narrowing of the bandgap. If we assume a 
small variation of local strain of ±0.2 %, the corresponding 
broadening of the VBM state is 14.2 × 0.4% = 0.057 eV, that for 
the CBM state is 18.2× 0.4% = 0.073 eV. This will give a reduction 
of the measured band gap of 0.13 eV (0.057 eV + 0.073 eV). 
Therefore, a small variation in a local stain of ±0.002 (i.e. 0.2 %) 
would be sufficient to cause distortion and broadening of the 
band edge states to yield a bandgap reduction of about 0.13 eV. 

 However, while the strain-induced electron transition 

between neighboring bands explains the shift of the peak 

photoresponsivity and related bandgap reduction under the 
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Figure 4. (a) Tauc plot for β-Ga2O3 NMs under uniaxial tensile and 
compressive strain. (b) Plot of the band gap of β-Ga2O3 NMs with 
respect to uniaxial strain conditions. 

Figure 5. (a) A graphical unit cell of the crystal structure of β-
Ga2O3. (b) Shift in CBM/VBM energy as a function of local uniaxial 
strain. 
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strain condition, the higher photo responsivity cannot be 

explained by the bandgap reduction alone. Therefore, the 

structure-property study was performed to understand the 

reason for the higher photo-responsivity under the banding 

conditions. Firstly, the sidewall of β-Ga2O3 NM before and after 

the bending was investigated using AFM to check any 

mechanical fractures due to the strain. In order to investigate 

the structure of β-Ga2O3 NM, we prepare the tilted β-Ga2O3 NM 

on PI substrates as shown in Fig. S2(a). The preparation process 

is similar to the process for the planar type β-Ga2O3 NM (as used 

for β-Ga2O3 NM PDs). After spin-coating a 2 um thick SU-8 

adhesive layer on top of the PI substrate, another 2 um thick SU-

8 layer was formed on half of the top surface, followed by a 

careful transfer β-Ga2O3 NM to obtain a sample with a tilted β-

Ga2O3 NM. After that, the side surface of β-Ga2O3 could be 

accessed by AFM. Prior to AFM characterization, the sample 

was bent multiple times (~50 times under 0.5 % of compressive 

and tensile strain). Fig. S3(a) and (b) compare the sidewall 

morphologies before and after the bending. While the sidewall 

morphology of the as-fabricated β-Ga2O3 NM sample showed 

smooth surface roughness (rms roughness: < 1 nm), it became 

extremely rough after the bending (rms roughness: > 20 nm) 

with additional fractures. It should be noted that the crystal 

structure of β-Ga2O3 is a monoclinic structure with different 

bonding strength between longitudinal and horizontal 

direction, thus, β-Ga2O3 has a much weaker bonding force to 

the longitudinal direction (a-axis in Fig. 5(a)). As a result, β-

Ga2O3 NMs have a pseudo-layered structure. Therefore, we 

speculate that the origin of the nano-cracks in strained β-Ga2O3 

NMs was the monoclinic crystal structure and anisotropic 

chemical bonds due to an uneven distribution of strain among 

fractured crystals. To understand the relationship between the 

nano-cracks in strained β-Ga2O3 NMs and its’ optoelectrical 

property, we performed a Multiphysics simulation (COMSOL 

MULTIPHYSICS) using the mechanical, semiconductor, and 

optical modules in COMSOL. 49, 50  As shown in Fig. 6(a), the two-

dimensional β-Ga2O3 NM was created on top of the SU-8 coated 

PI substrate. To establish a β-Ga2O3 layer in the model, the 

actual material parameters for β-Ga2O3 in the model were 

employed from our experiment data and related literature such 

as carrier concentration, bandgap, the thickness of β-Ga2O3 NM, 

gaps between nano-cracks in β-Ga2O3 NM, and measured 

optical parameters.51  In the simulation, a UV light source with a 

1 W of power and 250 nm wavelength was illuminated on the 

top surface of the structure with a 1 V bias across the structure. 

Fig. 6(a)(i) and (ii) show zoomed-in images of the β-Ga2O3 NM 

at a flat condition and strained condition. We assumed that the 

β-Ga2O3 NM does not have any cracks or delamination at a flat 

condition, thus it maintains a single body structure. As shown in 

Fig. 6(a)(i), the photo-generation uniformly occurred across the 

structure with a rate of about 1027 m-3s-1 at the top of the β-

Ga2O3 NM surface and decayed to mid-1025 m-3s-1 at the bottom 

of β-Ga2O3 NM. On the other hand, as shown in Fig. 6(c)(ii), the 

fractured β-Ga2O3 NM which represents the β-Ga2O3 NM under 

the strain condition exhibited a maximum photo-generation 

rate of 1028 m-3s-1 at the top of β-Ga2O3 NM surface and 1026 m-

3s-1 at the bottom of β-Ga2O3 NM, which is about 10 times larger 

than as-fabricated β-Ga2O3 NMs. The simulation result also 

agrees with the higher photocurrent under the bending 

condition compared to the flat condition as discussed in Fig. 3. 

The simulation suggests that the light shed on the fractured β-

Ga2O3 NMs can travel much deeper through the nano-cracks, 

thus increasing the absorption area. Also, illuminated light can 

stay for a longer time before it decays by reflecting more times 

inside the β-Ga2O3 NMs, which occurred more frequent 

secondary light absorption. To further understand this optical 

property, various photogeneration rate simulations with 

respect to the gap distance ranging from 200 nm to 1 nm were 

performed. As shown in Fig. 6(b)(ii), when 200 nm gaps existed 

in β-Ga2O3 NMs, a high-level photogeneration rate occurred at 

a deeper in β-Ga2O3 NM, however, electrical conductivity in β-

Ga2O3 NM could be severely degraded due to the higher 

Figure 6. Simulated photogeneration β-Ga2O3 NMs on PI substrate under different bending conditions; (a) (i) before and (ii) after 
the formation of nano-cracks in β-Ga2O3 NM. (b) Simulated photogeneration rate with respect to different gap distances (i) 0 nm, 
(ii) 200 nm, (iii) 100 nm, (iv) 50 nm, (v) 10 nm, and (vi) 1 nm to show different degree of photogeneration rate in β-Ga2O3 NMs. 
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resistance from the existence of nano-gaps. As the distance of 

nano-gaps became smaller to 1 nm (shown in Fig. 6(b)(vi)), a 

higher-level of the photogeneration rate occurred at a deeper 

inside of β-Ga2O3 NM, suggesting that the nano-cracks could 

help β-Ga2O3 NM PDs absorb more photons thus enhancing 

their optoelectrical properties. Another COMSOL 

MULTIPHYSICS simulation reveals that a stronger strain-induced 

electric-field is created at edges of fractured β-Ga2O3 crystals 

when β-Ga2O3 NM is bent and biased as shown in Fig. S4. It 

further expands the depletion region in β-Ga2O3 NM and as a 

result, a photogeneration and a current extraction can be 

increased. Therefore, a strain-induced electric field in β-Ga2O3 

NM also enhances the light absorption. Furthermore, intrinsic 

defects, oxygen vacancy in particular, can affect 

photogeneration in β-Ga2O3 NMs.  To investigate the evolution 

of oxygen defects, we prepared two samples: (i) an as-

fabricated β-Ga2O3 NM and (ii) a fractured β-Ga2O3 NM. Both 

were then inspected using X-ray photoluminescence 

spectroscopy using an AXIS Ultra DLD XPS (Figure R5). 

Interestingly, the oxygen/gallium ratio was slightly smaller in 

the fractured β-Ga2O3 NM (1.43 vs. 1.49), indicating oxygen 

removal. The reduction in oxygen vacancies can enhance 

photocurrent by the increase hole trapping and rapid transfer 

of electrons in β-Ga2O3 NMs.6, 52 Nevertheless, the formation of 

nano-cracks is irreversible, and it degrades the electrical 

properties of β-Ga2O3 NMs until fracturing is complete (nano-

cracks are no longer formed). Therefore, a future research topic 

would determine how the electrical properties could be 

restored. 

Conclusions 

 In summary, flexible β-Ga2O3 NM PDs were successfully 

fabricated and the electrical and optical properties under 

bending conditions were characterized. The β-Ga2O3 NM PDs 

showed good solar-blind characteristics with reliable electrical 

performance under the bending conditions. We observed 

shifting of the peak wavelength in the photo-current from 252 

nm under flat conditions to 260 nm under bending conditions. 

To investigate the reason for the peak shifting, we performed a 

structural property analysis using AFM and characterized an 

optical property of β-Ga2O3 NMs, which revealed slight changes 

in the refractive index and extinction coefficient due to the 

presence of nano-sized cracks in β-Ga2O3 NMs. A Multiphysics 

structural analysis and a DFT calculation also revealed that the 

bandgap and nano-gap induced secondary light absorption 

were responsible for higher photoresponsivity in β-Ga2O3 NM 

PDs. By elucidating the correlation of the structure-property 

and optoelectrical property in β-Ga2O3 NM, our research 

provides a viable route in the realization of high performance 

flexible solar-blind photo-detection systems, which is one of the 

indispensable and important components in the upcoming 

internet of things era.   
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