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 Thin-film Ga2O3-based solar- and visible-blind photodetectors (PDs) stand at the forefront of 
future applications, with their performance closely tied to film quality. Employing radio 
frequency magnetron sputtering, we deposited an intrinsic Ga2O3 thin film onto a double-throw 
(0001) sapphire substrate at a substrate temperature of 500 ℃ for 10 min. Subsequently, using 
the intrinsic Ga2O3 thin film as the substrate and maintaining constant process parameters, 
including background vacuum, working pressure, growth temperature, sputtering power, and 
duration, we introduced N2 at various flow rates (0, 5, 10, 15, 20, and 25 sccm) for the reactive 
sputtering growth of nitrogen-doped amorphous Ga2O3 thin films. Field emission scanning 
electron microscopy (FESEM), atomic force microscopy (AFM), X-ray photoelectron 
spectroscopy (XPS), X-ray diffraction (XRD), UV–Vis spectrophotometry, and Hall effect 
measurements were utilized to probe the impact of N2 flow rate on the growth rate, surface 
morphology, elemental composition, crystallization quality, and optical characteristics, and 
electrical properties of the Ga2O3 thin films. With increasing N2 flow rate, the films exhibited a 
notable redshift of the absorption edge, accompanied by a decrease in optical band gap. Hall 
effect measurements confirmed the stable p-type conductivity of the nitrogen-doped Ga2O3 thin 
films. Subsequently, metal-semiconductor-metal-type PDs were fabricated using the nitrogen-
doped Ga2O3 thin films. These PDs demonstrated heightened sensitivity to 365 nm near-UV 
light, boasting a remarkable response of 1.32 × 102 A/W and a high response speed of 0.028/0.17 
s. 

1. Introduction

 Gallium oxide (Ga2O3) has emerged as a crucial material owing to its ultrawide bandgap 
(energy gap of approximately 4.9 eV) and transparent semiconducting properties.(1,2) This 
versatile compound finds applications in various cutting-edge technologies such as next-
generation power electronic devices,(3–5) photodetectors (PDs),(6–8) LEDs,(2,9) photocatalysts,(10) 
gas sensors,(11) solar cells,(12) and phosphors.(13) The bulk growth of Ga2O3 currently involves the 
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production of 2-inch-diameter crystal cylinders by the Czochralski method(14) and 4-inch- 
diameter crystal slabs by the Edge-defined Film-fed Growth method (EFG).(15) Additionally, 
various epitaxial techniques, including metal-organic chemical vapor deposition(16,17) and 
molecular beam epitaxy,(18) have been reported for the high-quality growth of Ga2O3.(19) In 
contrast, RF magnetron sputtering presents a distinct approach that does not rely on complex 
precursor molecular reactions. By utilizing a Ga2O3 ceramic target and argon gas, this method 
allows electrons to gain energy from a high-frequency electric field, leading to collisions with 
argon atoms and the generation of plasma. This plasma transports material from the Ga2O3 
ceramic target to the substrate. RF magnetron sputtering is a well-established, environmentally 
friendly, and cost-effective technology, making it highly suitable for the efficient preparation of 
large-area Ga2O3 thin films.(20–22)

 The structural quality of Ga2O3 thin films with a high carrier concentration plays a crucial 
role in advancing device development and applications. Presently, controllable n-type Ga2O3 
thin films have been achieved through intentional doping with elements such as Si, Ge, Sn, Mg, 
and Fe, resulting in electron concentrations ranging from 1016 to 1020 cm−3.(1,2) However, 
achieving effective p-type conductivity in Ga2O3 requires further exploration in appropriate 
acceptor doping. Nitrogen (N) emerges as a promising candidate for p-type doping in Ga2O3.(1,2) 
N, with an atomic radius close to that of O but one fewer valence electron and a higher energy 2p 
orbital than O, introduces shallow acceptor impurity energy levels above the valence band upon 
doping. Successful experimental evidence has been demonstrated for p-type N doping in Ga2O3 
through the high-temperature thermal oxidization of GaN in O2

(23) or N2O(24) atmosphere above 
1100 ℃. A high-sensitivity solar-blind-UV PD has been fabricated using p-type Ga2O3 thin 
films doped with N2O by thermal oxidization.(25) In this study, the RF magnetron sputtering 
method was employed to deposit nitrogen-doped Ga2O3 thin films. Hall measurements were 
conducted to ascertain charge carrier type, concentration, mobility, and resistivity. The effects of 
N2 f low rate on nitrogen incorporation and the bandgap were also analyzed. Metal-
semiconductor-metal (MSM)-type PDs based on nitrogen-doped Ga2O3 thin films were 
subjected to time-dependent photoresponse assessments under 254 and 365 nm UV lights to 
evaluate the performance of the nitrogen-doped Ga2O3 thin films. 

2. Medical Image Asymmetry Calculation Model

 A 60-mm-diameter high-purity (4N) gallium oxide ceramic target and double-sided polished 
(0001) sapphire substrates (Φ50.8 mm × 430 μm) were employed in the experiment. The sapphire 
substrates underwent a cleaning process involving sequential immersions in acetone and alcohol 
for 15 min within an ultrasonic cleaning machine. Subsequently, they were rinsed in deionized 
water and dried using nitrogen. The gallium oxide ceramic target was positioned on the sputter 
gun, maintaining a distance of 8 (±2) cm from the substrate. Initially, utilizing RF magnetron 
sputtering, we grew an undoped (intrinsic) Ga2O3 thin film on the (0001) sapphire substrate at a 
substrate temperature of 500 ℃ for 10 min. In this phase, a mixture of high-purity (≥99.999%) 
argon (39 sccm) and O2 (1 sccm) was utilized as the working gas, achieving an oxygen content of 
2.5%. The background vacuum in the sputtering chamber was maintained below 4.0 × 10−4 Pa, 
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the working pressure during sputtering was set to 0.8 Pa, and the sputtering duration was 10 min 
at a power of 200 W. 
 Subsequently, utilizing the grown intrinsic Ga2O3 as the substrate, we maintained the process 
parameters, namely, background vacuum, working pressure, growth temperature, sputtering 
power, and sputtering duration, without changes. We introduced N2 at different flow rates (0, 5, 
10, 15, 20, and 25 sccm) for reactive sputtering, facilitating the generation of nitrogen-doped 
Ga2O3 thin films. The detailed parameters are summarized in Table 1, and a schematic diagram 
illustrating the sputtering growth of nitrogen-doped Ga2O3 thin films is presented in Fig. 1. To 
investigate the chemical characteristics of the Ga2O3 thin film surface, X-ray photoelectron 
spectroscopy (XPS) was employed, utilizing a ThermoFisher ESCALAB Xi+ instrument. 
Before the XPS measurement, a 15 kV applied voltage accelerated the Ar ion beam, with a 
sputtering rate of 0.16 nm s−1 for 30 s, effectively removing surface contamination from the 
samples. For an in-depth examination of the crystalline structure of the sputtering-grown 
nitrogen-doped Ga2O3 thin films, X-ray diffraction (XRD) analysis was conducted using a 
Malvern Panalytical EMPYREAN SERIES 3 instrument. The XRD analysis utilized a Cu Kα 
(λ = 1.54 Å) X-ray source, covering the 2-theta range of 10–80°. 
 Atomic force microscopy (AFM, Oxford Instruments Asylum Research Cypher S) was 
utilized to examine the surface morphologies of the samples. The cross-sectional morphologies 

Table 1
Parameters of the nitrogen doping by RF magnetron sputtering.
Parameter Value
Target Ga2O3 (99.99%)
Back pressure (Pa) 4.0 × 10−4

Work pressure (Pa) 1.0 × 100

RF power (W) 200
Sputtering time (min) 20
Target–substrate distance (cm) 8
Ar flow rate (sccm) 39
N2 flow rate (sccm) 0, 5, 10, 15, 20, 25
Sputtering temperature (℃) 500

Fig. 1. (Color online) Schematic diagram of sputtering growth of nitrogen-doped Ga2O3 thin films.
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were analyzed through field emission scanning electron microscopy (FESEM, Carl Zeiss/
GeminiSEM300). UV-Vis spectrophotometry (U-3900H, Hitachi, Japan) was employed to 
measure the transmittance and absorption spectrum of the films. For the precise measurement of 
electrical properties, indium electrodes were sputtered, followed by rapid thermal annealing at 
600 °C for 60 s to establish a reliable ohmic contact. Subsequently, temperature- and magnetic-
field-dependent Van der Pauw Hall effect measurements were conducted (PPMS DynaCool-9) to 
analyze the electrical properties of the Ga2O3 thin films. PDs, based on nitrogen-doped Ga2O3 
thin films with an MSM-type structure, were fabricated by sputtering interdigital Al electrodes 
on the films using a shadow mask and DC magnetron sputtering. The time-dependent 
photoresponse of the nitrogen-doped Ga2O3 thin-film-based PDs was measured at a fixed 
voltage of 5 V using a Keithley 4200A-SCS, with 254 and 365 nm UV lamps serving as UV light 
sources. Figure 2(a) shows the physical image of the PDs, whereas Fig. 2(b) shows the PDs’ 
image captured using an RX50M high-power metallographic microscope. The thickness of the 
Al electrode was 200 nm. 

3. Results and Discussion

 The thicknesses of the nitrogen-doped Ga2O3 thin films were measured using FESEM. The 
thicknesses of the nitrogen-doped Ga2O3 thin films grown at N2 flow rates of 0, 5, 10, 15, 20, 
and 25 sccm were found to be 212, 312, 385, 413, 458, and 447 nm, respectively. There was a 
significant increase in thickness, with the maximum value observed at a N2 flow rate of 20 
sccm. The growth rates were determined by dividing the thickness by the sputtering time, 
resulting in rates of 10.6, 15.6, 19.25, 20.65, 22.9, and 22.35 nm/min, respectively. Figure 3(a) 
shows the trend of the growth rate for nitrogen-doped Ga2O3 thin films at different N2 flow 
rates. As the N2 flow rate increased from 0 to 20 sccm, the growth rate of the thin films 
continued to increase within this range. Upon reaching a N2 flow rate of 20 sccm, a saturation 
point in the growth rate was observed. This can be attributed to the fact that the introduced N2 
served as the reaction gas, and a higher amount led to increased participation in the reaction, 
resulting in thicker films and an improved growth rate. As the N2 flow rate continued to increase 
to 25 sccm, a slight decrease in growth rate was noted, possibly due to the higher proportion of 

Fig. 2. (Color online) (a) Physical image of MSM-type Ga2O3-based PDs; (b) optical image showing device 
structure.

(a) (b)
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N2 causing more N particles to attach to the surface of the target, thereby impacting the 
sputtering growth rate. Figure 3(b) shows the cross-sectional morphology of the thin film at a N2 
flow rate of 25 sccm, clearly distinguishing the substrate from the epitaxial thin film. 
 AFM was employed to assess the surface topography and root-mean-square (RMS) surface 
roughness of the nitrogen-doped Ga2O3 thin films. The 3D surface topography of samples at a 
scanning area of 4 µm2 is depicted in Figs. 4(a)–4(f). According to the AFM results, as the N2 
flow rate increased from 0 to 25 sccm, the RMS values of the thin film samples were 16.5, 7.95, 
7.61, 4.91, 3.85, and 25.5 nm. The thin film exhibited a decreasing trend in roughness within the 
range of 0–20 sccm, with the lowest roughness observed at 20 sccm, indicating the smoothest 
film surface. However, as the N2 flow rate continued to increase to 25 sccm, the film’s roughness 
increased to 25.5 nm. This was attributed to the emergence of island-shaped particles with 
irregular sizes, resulting in films with an amorphous structure and numerous defects. The AFM 
results underscore the effect of the N2 flow rate on the thin film’s roughness.  
 Figure 5(a) shows the XPS survey spectra of the Ga-related (3s, 3p, 3d, 2p), O-related (1s), N, 
Ga LMM, and O KLL of the RF-sputtered nitrogen-doped Ga2O3 thin films at different N2 flow 
rates. The XPS data were calibrated using the standard C 1s peak located at a binding energy of 
284.8 eV. The O 1s spectra were then differentiated and fitted with two peaks, as illustrated in 
Figs. 5(b)–5(g). The O 1s spectral peak was decomposed into a lattice oxygen peak and a non-
lattice oxygen peak. In particular, the binding energy of the lattice oxygen peak, ranging 
between 530 and 531 eV, was attributed to the Ga–O bond, representing the O2− ion in the lattice. 
The binding energy of the non-lattice oxygen peak, found between 531.5 and 532.5 eV, primarily 
originated from O2− ions in the oxygen defect region, as well as the chemisorption of carboxyl 
groups and carbonates, indicating the absence of O in the films. The peak area ratios of the non-
lattice oxygen to the sum of lattice oxygen and non-lattice oxygen were 4.01%, 9.89%, and 
9.91%, at N2 flow rates of 0, 5, and 10 sccm. However, as the N2 flow rate increased to 15 sccm, 
the non-lattice oxygen peak exhibited a notable enhancement, reaching its maximum intensity at 
25 sccm. The area ratio of the two peaks was calculated to determine the specific proportion, 
providing a measure of the relative proportion of O-related defects in the nitrogen-doped Ga2O3 
thin films. 

Fig. 3. (a) The nitrogen-doped Ga2O3 thin film’s growth rate changes with the N2 flow rate. (b) FESEM cross-
sectional topography.
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Fig. 4. (Color online) AFM surface 3D morphology of nitrogen-doped Ga2O3 thin films under different N2 flow 
rates: (a) 0, (b) 5, (c) 10, (d) 15, (e) 20, and (f) 25 sccm.

Fig. 5. (Color online) XPS spectra of nitrogen-doped Ga2O3 thin films at different N2 flow rates: (a) survey scans 
of XPS spectra, (b)–(g) O 1s core energy level peak spectra under different N2 flow rates, and (h) percentage change 
of lattice oxygen to non-lattice oxygen.
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 The trend of variation under different N2 flow rates is shown in Fig. 5(h). The specific 
proportions of non-lattice oxygen corresponding to N2 flow rates of 0, 5, 10, 15, 20, and 25 sccm 
were 7.06, 9.48, 9.63, 14.86, 17.41, and 22.21%, respectively. It is evident that, as the N2 flow rate 
increased, the area ratio of non-lattice oxygen peaks exhibited a continuous growth trend, with a 
gradual increase in the range of 0 to 10 sccm. However, at a N2 flow rate of 15 sccm, the 
proportion of non-lattice oxygen began to increase rapidly. In contrast, lattice oxygen showed the 
opposite trend. Under specific pressure conditions, an increase in N2 flow rate created a N-rich 

Fig. 5. (Color online) (Continued) XPS spectra of nitrogen-doped Ga2O3 thin films at different N2 flow rates: (a) 
survey scans of XPS spectra, (b)–(g) O 1s core energy level peak spectra under different N2 flow rates, and (h) 
percentage change of lattice oxygen to non-lattice oxygen.
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preparation environment, reducing the formation energy of external natural oxygen defects, 
leading to an increase in the amount of internal defects in Ga2O3 thin films. Additionally, owing 
to the doping of N atoms into Ga2O3 thin films, some Ga–O bonds were replaced by Ga–N 
bonds, resulting in a decrease in the proportion of the lattice oxygen peak area. The substrate 
growth temperature being set at 500 ℃ may contribute to more oxygen-related defects. Elevated 
temperatures heightened the vibrational activity of lattice atoms, potentially causing oxygen 
atoms to detach from their bound states and migrate into an anaerobic environment. 
Subsequently, this process may result in the creation of oxygen vacancies. 
 The XRD patterns of the RF-sputtered nitrogen-doped Ga2O3 thin films were analyzed to 
assess the formation of the Ga2O3 phase at various N2 flow rates, and the results are shown in 
Fig. 6. The XRD results were compared with standard powder diffraction files from COD-
2004987: PDF# 43-1012 for β-Ga2O3 and PDF# 50-1496 for sapphire. To eliminate the effect of 
the intrinsic Ga2O3 substrate on the XRD patterns, nitrogen-doped Ga2O3 thin films were 
resputtered directly onto the sapphire substrate using the same parameters. These samples were 
specifically prepared for XRD testing only. In Fig. 6, it is evident that, apart from the diffraction 
peak of the sapphire substrate, only the (402) crystal plane diffraction peak belonging to 
β-Ga2O3 appeared near 38° at N2 flow rates of 0 and 5 sccm. Even at a N2 flow rate of 5 sccm, 
the diffraction peak intensity of the (402) crystal plane belonging to β-Ga2O3 had already 
weakened significantly, indicating that the introduction of reactive N2 gas disrupted the ordered 
arrangement of Ga and O, reducing the crystallization performance of the thin films. At N2 flow 
rates ranging from 10 to 25 sccm, no diffraction peaks corresponding to gallium oxide were 
detected, indicating that the Ga2O3 thin films grown within this N2 flow rate range were 
amorphous. Overall, the trend suggests that with the increase in N2 flow rate and a higher 
concentration of N atoms, the atomic arrangement of the nitrogen-doped Ga2O3 thin films 
became increasingly disordered, resulting in a decrease in crystal quality. 
 Figure 7(a) shows the UV–Vis transmission spectrum of the nitrogen-doped Ga2O3 thin 
films. The blank sapphire substrate exhibited an average transmission of about 85%, and all the 
thin films showed high transmission in the visible wavelength region, surpassing 80%. This 

Fig. 6. (Color online) XRD patterns of the nitrogen-doped Ga2O3 thin films at different N2 flow rates. 
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indicates that the average light transmission of the nitrogen-doped Ga2O3 thin films in the 
visible region had a weak dependence on the N2 flow rate. The disordered wave shape observed 
in the transmittance in the visible light region is attributed to the resonance phenomenon caused 
by the thickness of the films. Additionally, Fig. 7(a) suggests that the undoped Ga2O3 thin film 
grown at 0 sccm exhibited a clear absorption edge at a wavelength of ~275 nm (UV-C). With an 
increase in N2 flow rate, the UV absorption cutover of the film gradually shifted to longer 
wavelengths, resulting in a redshift phenomenon. The redshift indicates that, as nitrogen 
replaces the oxygen lattice site, Ga–N bonds are formed, leading to a decrease in the band gap of 
the film. At a N2 flow rate of 25 sccm, the absorption edge shifted to the near-UV region (UV-
A). Figure 7(b) shows the absorption spectrum of the film, corresponding to the transmission 
spectrum, and the change trend is consistent. On the basis of the absorption spectrum, the band 
gap (Eg) of the film was calculated and is plotted in Figs. 7(c) and 7(d). It was observed that Eg 
decreased with the increase in N2 flow rate. 
 The Hall effect measurements of the conductivity type, Hall carrier concentration (Ne, Np), 
mobility (μ), and resistivity (ρ) of the nitrogen-doped Ga2O3 thin films grown by RF sputtering 
at different N2 flow rates are summarized in Table 2. It can be observed from the table that the 

Fig. 7. (Color online) Optical properties of the nitrogen-doped Ga2O3 thin films at different N2 flow rates: (a) light 
transmission spectrum, (b) light absorption spectrum, (c) hv–(Ahv)2 relationship curve, and (d) trend chart of 
bandgap width variation.
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conductivity of the thin films was weak, primarily residing in the high-resistance state, 
characterized by high resistivity and low carrier concentration. However, overall, as the N2 flow 
rate increased, the resistivity of the film decreased and the carrier concentration increased. 
Furthermore, by measuring both positive and negative carrier concentrations, it can be reliably 
concluded that the intrinsic Ga2O3 thin film exhibited n-type conductivity, consistent with other 
literature reports. When N2 was introduced for the RF-sputtering growth of the nitrogen-doped 
Ga2O3 thin films, the conductivity became p-type. This verifies that the p-type conductivity of 
Ga2O3 thin films could be achieved through the intentional doping of nitrogen by RF sputtering, 
and the specific conductivity was closely related to the concentration of nitrogen doping. 
 For the nitrogen-doped Ga2O3 thin films at different N2 flow rates, MSM-type UV PDs were 
fabricated. The correlated I–V characteristics measured at room temperature are shown in Figs. 
8(a)–8(d), where Fig. 8(a) represents the dark current. It is evident that with the N2 flow rate, the 
electrical conductivity of the devices increased, confirming the effect of nitrogen doping. This 
trend is consistent with the Hall effect measurements. The N2 flow rate of the 0 sccm (undoped) 
sample exhibited extremely high resistance, whereas the nitrogen-doped film and the aluminum 
electrode formed excellent ohmic contacts, as demonstrated by the linear increase in dark 
current with the voltage. Figure 8(b) shows the photocurrents measured under deep UV 
irradiation with a wavelength of 254 nm and a power density of 58 μW/cm2 at 5 V bias. The 
photocurrent reached 5.1 × 10−8 A for the device corresponding to the 25 sccm N2 flow rate. 
Owing to the redshift of the absorption edge caused by nitrogen doping, the optical band gap 
decreased. Therefore, irradiation and testing were also performed with a longer wavelength of 
365 nm near-UV light and a power density of 1.35 mW/cm2. The schematic diagram of the 
measurement under 254 or 365 nm illumination is shown in Fig. 8(c), and Fig. 8(d) shows the I-V 
test results under 365 nm illumination. It can be observed that, compared with the results of 254 
nm illumination, the photocurrents of the PDs corresponding to the N2 flow rates of 0 and 5 
sccm decreased, whereas those of the PDs corresponding to the N2 flow rates of 10 and 25 sccm 
slightly increased, further confirming the effect of nitrogen doping. Under 365 nm illumination, 
for a PD corresponding to a N2 flow rate of 25 sccm, its photocurrent of 2.1 × 10−7 A increased 
more than four times, indicating that the nitrogen-doped Ga2O3-based PDs were more sensitive 
to 365-nm-wavelength UV light. 
 A PD prepared from nitrogen-doped Ga2O3 thin films grown at the N2 flow rate of 25 sccm 
underwent an on/off light cycle under a bias voltage of 5 V. The time response characteristics of 
the device under 365 and 254 nm irradiations were measured, and the I-t results are shown in 

Table 2
Hall effect measurements for the nitrogen-doped Ga2O3 thin films at different N2 flow rates. 
N2 flow rate (sccm) Type Ne, Np (cm−3) μ (cm2/V∙s) ρ (Ω∙cm)
0 n −1.9 × 1012 5.2 × 102 6.5 × 103

5 p 2.6 × 1012 4.8 × 102 5.0 × 103

10 p 2.9 × 1012 3.9 × 102 1.6 × 103

15 p 1.5 × 1013 2.7 × 102 1.5 × 103

20 p 2.3 × 1013 1.3 × 102 4.3 × 102

25 p 5.2 × 1014 7.8 × 101 1.6 × 102
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Figs. 9(a)–9(d). Figures 9(a) and 9(b) depict the multicycle I-t characteristic curves measured 
under 365 nm near-UV light (UV-A) and 254 nm deep UV light (UV-C) irradiations, 
respectively. After multiple light cycles, the response performance of the detection device 
remained almost the same, demonstrating excellent repeatability and stability. Under 365 nm 
UV light irradiation, the current instantly increased by two orders of magnitude. Moreover, 
under 254 nm UV irradiation, the dark current increased rather slowly from about 1.7 × 10−9 to 
about 30.7 × 10−9 A. Additionally, it was observed that the recovery times for the rise and fall of 
I-t curves under 365 or 254 nm UV light were different. For a more detailed comparative study 
on response time, a quantitative analysis was carried out on the rise and fall of the current, as 
shown in Figs. 9(c) and 9(d). It was observed that both the rise and fall of the response current 
under 365 nm illumination were steep, with τR and τD being 0.028  and 0.17 s, respectively. In 
contrast, the device exhibited a slow time response when illuminated at 254 nm, with τR being 
2.95 s, and the photocurrent was unstable, resulting in a slower recovery, with τD reaching 9.17 s. 
This confirms again that nitrogen doping had higher selectivity for long-wavelength UV light. 
Furthermore, the current drop of the device after UV irradiation did not fully recover to the 
initial dark current (higher), which was due to defects caused by the lack of crystallization in the 
thin film, consistent with the XRD results shown in Fig. 6. 

Fig. 8. (Color online) I–V characteristics of nitrogen-doped Ga2O3-based UV PDs under different N2 flow rates: (a) 
dark current, (b) photocurrent under 254 nm illumination, (c) measurement schematic diagram under 254 or 365 nm 
illumination, and (d) photocurrent under 365 nm illumination.
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4. Conclusions

 In this article, we presented the growth of nitrogen-doped amorphous Ga2O3 thin films 
through reactive sputtering with N2 gas. A comprehensive investigation was conducted to 
explore the impact of various N2 flow rates on the growth rate, morphology, composition, and 
optical and electrical properties of the thin films. XPS results revealed an increase in the relative 
content of oxygen defects from 7.06 to 22.21% with the N2 flow rate. Notably, a flow rate of 20 
sccm yielded the smoothest surface morphology. Hall effect testing disclosed that intrinsic 
Ga2O3 thin films exhibited n-type conductivity. However, when N2 was introduced for sputtering 
the growth of nitrogen-doped amorphous Ga2O3 thin films, the conductivity type shifted to 
p-type, with the Hall hole concentration increasing proportionally with the N2 flow rate. 
Ultimately, MSM-type PDs were fabricated using the nitrogen-doped amorphous Ga2O3 thin 
films. These PDs demonstrated heightened sensitivity to 365 nm near-UV light, boasting a high 
response of 1.32 × 102 A/W and a rapid response of 0.028/0.17 s. 
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