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Deep-Ultraviolet Photodetectors 
Based on Epitaxial ZnGa2O4 Thin 
Films
Si-Han Tsai1, Sarbani Basu1, Chiung-Yi Huang1, Liang-Ching Hsu2, Yan-Gu Lin2 &  
Ray-Hua Horng  1,3

A single-crystalline ZnGa2O4 epilayer was successfully grown on c-plane (0001) sapphire substrate by 
metal-organic chemical vapor deposition. This epilayer was used as a ternary oxide semiconductor 
for application in high-performance metal–semiconductor–metal photoconductive deep-ultraviolet 
(DUV) photodetectors (PDs). At a bias of 5 V, the annealed ZnGa2O4 PDs showed better performance 
with a considerably low dark current of 1 pA, a responsivity of 86.3 A/W, cut-off wavelength of 280 nm, 
and a high DUV-to-visible discrimination ratio of approximately 107 upon exposure to 230 nm DUV 
illumination than that of as-grown ZnGa2O4 PDs. The as-grown PDs presented a dark current of 0.5 mA, 
a responsivity of 2782 A/W at 230 nm, and a photo-to-dark current contrast ratio of approximately one 
order. The rise time of annealed PDs was 0.5 s, and the relatively quick decay time was 0.7 s. The present 
results demonstrate that annealing process can reduce the oxygen vacancy defects and be potentially 
applied in ZnGa2O4 film-based DUV PD devices, which have been rarely reported in previous studies.

Recently, deep-ultraviolet (DUV, 190–350 nm) photodetectors (PDs) have attracted much attention due to their 
broad applications in the civil and military fields, such as engine control, solar UV monitoring, astronomy, lithog-
raphy aligners, secure space-to-space communications, or missile detection1–4. These UV instruments are always 
operated at high temperature and harsh environments. Thus, several materials have been introduced to fabricate 
PDs. High photoresponsivity, low noise levels, high spectral selectivity, and high stability are required for PDs 
in such applications. Over the past decades, several semiconductor solar-blind PDs have obtained considerable 
achievements. A variety of well-established Si-based UV PDs are available in the market. However, UV-enhanced 
Si-based PDs exhibit limitations due to their low bandgap and requirement of expensive optical filters for spectral 
selectivity. Moreover, Si-based PDs efficiency can be degraded with increased temperature. To solve this problem, 
wide bandgap semiconductor materials, such as Group III nitrides: GaN, (Eg, ~3.4 eV) and AlN (~6.2 eV) and 
their ternary compounds, namely, AlxGa1-xN (x > 40% with 6 eV) and SiC have been widely used for solar-blind 
and visible-blind UV PDs5,6. Nevertheless, high-density defects, such as dislocations and grain boundaries, can be 
generated during epitaxial growth of AlGaN films on sapphire substrate because of the lattice mismatch. On the 
other hand, persistent photoconductivity (PPC) effect also occurs when the free carrier density is equal to the trap 
density. Therefore, the most challenging aspects are to attain low dark current and high responsivity for the appli-
cation of DUV PDs. Feng et al.7 reported the first individual β-Ga2O3 nanowires as solar-blind PDs upon expo-
sure to 254 nm light illumination; these nanowires present upper limits and response and recovery times of 0.22 
and 0.09 s, respectively. Our previous studies also demonstrated the effects of crystallinity and point defects on the 
time-dependent photoresponsivity and cathodoluminescence (CL) properties of β-Ga2O3 grown by metalorganic 
chemical vapor deposition (MOCVD)8. PDs fabricated using 700 °C annealed β-Ga2O3 epilayers produced sub-
stantially low dark current of ~4 pA and large photocurrent-to-dark current contrast ratio of ~105 8. It is worthy 
to mention that ternary metal oxides have attracted significant attention due to its large bandgap and high wave-
length selectivity. However, there is insufficient study regarding ternary metal oxide alloy PDs. Recently, Li et al.  
demonstrated an improved DUV-to-visible ratio of about 104, relatively fast response speed, low dark current of 
<0.1 pA, and a responsivity of 38.3 A/W (gain of ~200) for individual Zn2GeO4 nanowire visible-blind DUV PDs9.  
Our previous studies have also shown the high feasibility of single-crystalline spinel-shaped ZnGa2O4 films 
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prepared by MOCVD. These films have been fabricated to metal–oxide–semiconductor field-effect transistors10. 
The correlations among crystal, microstructural, morphological, compositional, CL, and electrical properties of 
these ZnGa2O4 films were also analyzed in details in our previous study11. The calculated carrier concentration, 
mobility, and resistivity of the ZnGa2O4 films were 6.72 × 1016 cm−3, 1.4 cm2/Vs, and 67.9 Ω-cm, respectively. 
These values indicate that ZnGa2O4 films are promising for several optoelectronic applications12. In this work, 
the solar-blind PDs made of the ZnGa2O4 epilayers grown by MOCVD were studied. To further understand 
the annealing effect on the DUV PDs performance, as-grown and annealed PDs were also fabricated and their 
properties were studied in details. The corresponding crystalline, optical, and electrical properties of the ZnGa2O4 
epilayers before and after thermal annealing were measured by X-ray diffraction (XRD) and X-ray photoelectron 
spectroscopy (XPS). The above properties related to the performance of DUV PDs were discussed in this paper.

Results and Discussion
The crystallinity of ZnGa2O4 films with and without thermal annealing was measured by XRD, as shown in 
Fig. 1(a). The crystal orientations of as-grown ZnGa2O4 films were characterized with evident XRD peaks at 
18.67°, 37.77°, and 58.17°, which can be specified to (111), (222), and (511) diffraction planes. After furnace 
annealing treatment, the XRD peaks of ZnGa2O4 presented shifting phenomena. For comparison, the peaks of 
18.40°, 37.34°, and 57.40° of standard ZnGa2O4 (JCPDS card 38–1240), which corresponded to (111), (222), and 
(511) diffraction planes of the cubic spinel crystal structure13 was also shown in Fig. 1(a). In order to analysis 
more clearly, the peaks corresponding to the (222) and (511) diffraction planes were magnified and shown in 
Fig. 1(b,c). It was found that the XRD peaks corresponding to (222) diffraction plane for annealed ZnGa2O4 
shifted from 37.77° to 37.55°. Similarly, the XRD peaks corresponding to (511) diffraction plane for annealed 
ZnGa2O4 shifted from 58.17° to 57.65°. These results indicated that the ZnGa2O4 film annealed in nitrogen ambi-
ent is close to the ZnGa2O4 cubic spinel structure. Moreover, the XRD peaks at approximately 38.25° and 59.01°, 
which were not observed in as-grown ZnGa2O4 film, were obtained in the annealed ZnGa2O4 thin film. They are 
the diffraction peaks of β-Ga2O3 monoclinic crystal structure. It means that the (402) and (603) diffraction planes 
for the standard β-Ga2O3 monoclinic crystal structure appeared in annealed film. This suggests that the recrystal-
lization phenomenon made gallium and oxygen reorganize the β-Ga2O3 crystal through annealing process.

To further investigate the annealing effect in the ZnGa2O4 film, the surface morphologies (scanning length 
of 5 µm) of typical as-grown and annealed ZnGa2O4 films on sapphire were examined. The root-mean-square 
roughness values for the ZnGa2O4 films with and without annealing were 1.61 and 0.87 nm, respectively, as shown 
in Fig. 2(a,b). The annealed ZnGa2O4 film displayed relatively low surface roughness. The particle/agglomerate 
distribution was more uniform than that of the as-grown films. Therefore, annealing treatment resulted in smooth 
film surface. It is well known that the defects (e.g. oxygen vacancies and dangling bonds) always exist in the bulk 

Figure 1. (a) Standard X-ray diffraction spectra of ternary compound ZnGa2O4 and the as-grown and annealed 
ZnGa2O4 thin films. (b) Diffraction peaks corresponding to the diffraction plane (111) of as-grown and 
annealed ZnGa2O4 thin films. (c) Diffraction peak corresponding to the diffraction plane (222) of as-grown and 
annealed ZnGa2O4 thin films.
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and the surface of the epilayers. They were responsible in trapping the photogenerated electron or hole carriers. 
The smooth surface would lead to the low surface area and then the low surface density states for the annealed 
ZnGa2O4 film, which is beneficial for the improved performance of the PD14,15.

XPS analysis can be used to characterize the surface chemical composition and bonding states of as-grown 
and annealed ZnGa2O4 films quantitatively. Figure 3(a,b) show the O1s core-level XPS spectra of as-grown and 
annealed ZnGa2O4 films, respectively. These XPS spectra were all fitted well with Gaussian functions. Figure 3(a,b) 
illustrate that the O1s core-level peaks of ZnGa2O4 (as-grown and annealed samples) can be divided into two 
components, namely, I and II, which were positioned at 530.78 and 532.10 eV, respectively. Peak I is assigned to 
lattice oxygen ions, and peak II is designated to the oxygen ions in the oxygen vacancies region16. Notably, the 
oxygen vacancy in an oxygen-deficient interlayer acted as an electron trap that can control the conductivity of 
oxide semiconductors17. Consequently, the oxygen vacancy proportion can correspond to conductive basis. The 
calculated area covered by the peak ratio of II/I was reduced from 0.167 to 0.11 after thermal annealing treatment. 
This result is consistent with the decrease in photocurrent after the annealing treatment18.

The XANES shape of Ga K-edge spectra, which were dominated with geometry around Ga atoms, is shown 
in Fig. 4(a). The white-line feature and side hump are fitted to ZnGa2O4

19. The adsorption edges of as-grown and 
annealed ZnGa2O4 were located at 10381.2 and 10380.7 eV, respectively. The white-line intensity of annealed 
sample was slightly lower than that of the as-grown one. The change and shifted energies of white-line feature can 
be attributed mainly to the disordered and different coordination environments20. In addition, the negative shift 
of the adsorption edge occurs with decreased coordination, which can be used as an indicator of the coordination 
number of O atom in the structure21. The Fourier transform EXAFS spectra of Ga K-edge were used to further 
understand the atomic structure of ZnGa2O4 film. Figure 4(b) shows the magnitude of the Fourier transforms of 
EXAFS functions. The first shell of Ga–O bonding (1–2 Å) slightly decreased after annealing treatment, which 
indicated the decreased coordination of O atoms. This phenomenon can be attributed to the decreased GaO6 
octahedron and GaO3 tetrahedron ratio, which showed a trend similar to that of XANES results. Moreover, the 
annealed sample amplitudes showed a progressive decrease in the second shell due to the Ga–Ga bonding at 
2–2.5 Å. By contrast, the Ga–Zn bonding amplitude (3–3.5 Å) was unaffected with the annealing treatment. This 
decrease in Ga–Ga amplitudes was caused by the disordered structure or phase transition between ZnGa2O4 and 
Ga2O3 as shown in Fig. 4(c). XAS results indicated that as-grown ZnGa2O4 was dominated with ZnGa2O4, and 
part of ZnGa2O4 structure may transform into Ga2O3 after annealing treatment. The obtained results well agreed 
with the observation found using XRD.

In this study, ZnGa2O4 epilayers displayed the wide bandgap (Eg, ~5.2 eV) responses to UV-C band 
(200–290 nm) and solar blindness to UV-A/B (290–400 nm). The bandgap measured by CL for the as-grown 
and annealed ZnGa2O4 epilayers have been discussed in the Supporting Text (Supplementary Information 1). 
Therefore, the ZnGa2O4 PD performance should be evaluated. I–V curves with and without UV illumination 
(DUV, 230 nm; power density, ~62.5 μW/cm2) for PDs based on the as-grown and annealed ZnGa2O4 films are 
displayed in Fig. 5(a). The photocurrent increased with UV illumination or applied bias voltage for both devices at 
forward bias voltage due to the increased carrier drift velocity. This observation suggested that the films possessed 
photoconductive properties. Annealed ZnGa2O4 films presented a much lower dark current (Idark) at a bias of 
20 V than that of the as-deposited films. The low dark current was attributed to the low concentration of the oxy-
gen vacancies or low carrier density in the ZnGa2O4 films. Post-annealing affected the crystalline quality, surface 
properties, altered defects, and electrical properties of ZnGa2O4 films. Our previous studies have demonstrated 
the quality of as-grown ZnGa2O4 films, which contain lower degree of crystallinity and higher point defects than 
those of annealed ZnGa2O4 films11. The dark current of as-grown ZnGa2O4 film PDs (Idark ~1 mA at a 20 V bias) 

Figure 2. Atomic force microscope images of thin-film surfaces and surface roughness of as-grown and 
annealed ZnGa2O4 thin films.
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was approximately 108 times higher than that of annealed PDs based on ZnGa2O4 films so that the photocurrent 
stimulated by DUV light was difficult to distinguish. High Idark for as-grown ZnGa2O4 films can be inter-related 
to the high intrinsic defects, such as oxygen vacancies and/or surface density state in the ZnGa2O4 films. The 
low photocurrent implied that the defect concentration was reduced, which resulted in low conductivity15.  
Surface-related defects can act as adsorption sites or trapping center to capture free electrons in ZnGa2O4 films. 
These trapping centers could result in current leakage. Therefore, the surface states enhance the current leak-
age and nonradiative recombination. Annealed ZnGa2O4 film-based detectors also showed low current leakage, 
which was below 1 pA, at 5 V reverse bias compared with those of as-grown counterparts due to the improved 
quality of material. Under a 230 nm (62.5 μW/cm2) DUV illumination, the current increased by approximately 
one order of magnitude compared with that of the dark current for as-grown ZnGa2O4 PDs. However, the PDs 
made of annealed samples exhibited much higher photocurrent-to-dark current ratio of ~108, which is better than 
that of the reported MSM photodiodes22–24.

Responsivity (R) is a significant detector parameter, which is defined as the ratio of the number of incident 
photons per incident optical power: R = Iph/Pinc = (Ilight − Idark)/Pinc, where Pinc is the incident optical power in 
watts, Iph is the photocurrent. The plot of responsivity as a function of wavelength provided the spectral response 
of the detector. The PD responsivities with varying light intensities (~21.4, 40.2 and 62.5 μW/cm2) as a function 

Figure 3. X-ray photoelectron spectroscopy spectra of O1s core level for (a) as-grown and (b) annealed 
ZnGa2O4.
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of wavelength at an applied bias of 5 V for the ZnGa2O4 films annealed at 800 °C were investigated and shown in 
Fig. 5(b). Due to the light source limitations, the responsivity at a higher light intensity more than 62.5 μW/cm2 
cannot be measured. The inset in Fig. 5(b) shows the responsivity versus intensity curve maintained almost linear.

Figure 4. Ga K-edge (a) XANES, (b) derivative XANES, and (c) EXAFS spectra of ZnGa2O4.

Figure 5. (a) Dark current (DC) curve and photocurrent (LC) at 230 nm curve for as-grown (black) and annealed 
in 800 °C (red) ZnGa2O4 UPDs. (b) Responsivity spectra of UV region for as-grown (black), annealed in 700 °C 
(red) and 800 °C (blue) ZnGa2O4 UPDs and the inset is the responsivity as a function of light intensity. (c) Spectral 
responsivities of MSM devices with varying light intensities (~21.4, 40.2 and 62.5 μW/cm2) of the N2-annealed 
(800 °C) ZnGa2O4 UPDs at a 5 V bias. We have plotted Normalized responsivity (in logarithmic scale) to compare 
the out of band rejection ratio of the devices. The spectral responsivity measurement done by using a standard UV-
enhanced Si Photodiode. After annealing, the solar blind selectivity of the ZnGa2O4 by 3 to 4 orders as compare to 
as-grown devices. (d) Dynamic photoresponse at 230 nm with 5 V bias of annealed (800 °C) ZnGa2O4 DUV PDs 
and the inset is the corresponding dynamic photoresponse of as-grown ZnGa2O4 DUV PDs.
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In order to investigate the influence of thermal annealing on the performance of ZnGa2O4 based solar blind 
photodetectors, different DUV PDs were fabricated, where ZnGa2O4 epilayers were thermal annealed at 700, 800 
and 900 °C in nitrogen ambient for 1 hour. The spectral responsivity of the annealed DUV PDs was measured and 
compared with those of as-grown ZnGa2O4 based PDs as illustrates in Fig. 5(c). It can be clearly observed that 
the variation of photoresponse properties of DUV PDs could be attributed to oxygen vacancies effects during the 
different temperature annealing process. For the ohmic-type PDs based on the as-grown and annealed at 700 °C, 
ZnGa2O4 epitaxial films presented no selectivity of responsivity in DUV region. On the contrary, the device based 
on the 800 °C annealing had a high rejection ratio of 104 from 240 nm to 320 nm band, as shown in Fig. 5(c). 
Furthermore, it decreases to 103 (not shown here) for 900 °C annealed ZnGa2O4 PDs devices. Thus 800 °C is 
the optimized annealing temperature used to fabricate the DUV PDs, which exhibited strong selectivity to solar 
blind radiation without interference with UV-A (320–400 nm) and visible radiation. The measured absolute peak 
responsivity for as-grown, 700 °C, 800 °C, and 900 °C annealed devices were 2782, 136.3, 86.3 and 0.007 A/W at 
230 nm, respectively. Therefore, the PDs made of ZnGa2O4 epilayers annealed 900 °C can not be used as DUV PDs 
due to low responsivity. It was worthy to mention that the responsivity for the annealed ZnGa2O4 PDs devices 
dropped significantly (Fig. 5(c)), which is consistent to those reported in earlier studies12,22. Even though, the 
selectivity of the DUV PDs made of ZnGa2O4 annealed at 800 °C presents the highest for these DUV PDs. The 
detailed dark current (Idark) and UV-illuminated photocurrent (Ilight) at 230 nm I–V curves for MSM UPDs 
fabricated from as-grown and annealed (700, 800, 900 °C) ZnGa2O4 epitaxial films have been discussed in the 
Supporting Text (Supplementary information 2).

Moreover, no response was given to the UV-A/B, and almost 90% of peak intensity was obtained as the wave-
length shorter than 280 nm for PDs made of 800 °C annealed ZnGa2O4. Therefore, the sharp cutoff and obviously 
high rejection power of this PD proved its potential as a candidate for solar-blind DUV detection application. 
Although the DUV PD made of as-grown ZnGa2O4 films presented such high responsivity of ~2782 A/W (under 
230 nm DUV), the selectivity to spectral responsivity was too low to use. As-grown ZnGa2O4 films contained 
higher defects than those of annealed ZnGa2O4 films. The high responsivity was due to the defects in the as-grown 
films, which resulted in trapping states that can enhance internal gain. Zheng et al.25 also demonstrated that 
the high responsivity of Mg0.46Zn0.54O film-based detectors is attributed to the long life time of photo-ionized 
holes trapped in the deep level, as precisely measured using deep-level transient spectral technique. The long life 
time is commonly induced by the trap states of holes, which include the interface states between semiconductor 
and electrode, surface states, and deep level defects14. After furnace annealing, the responsivity of UVA region 
(310–400 nm) decreased by about three orders of magnitude for ZnGa2O4 film detectors. The spectral response of 
annealed ZnGa2O4-based detectors was in the range of 210–240 nm.

Response time is another important parameter to determine the suitability of detector for specific application. 
The response time is a measurement of the time required for photo signal to increase or decay to a specific value 
and defined as the time to reach 90% saturation response. Decay time is the time taken by the PDs to decay 10% 
of the maximum photocurrent when the UV light is switched off. The transient continuous photoresponse behav-
ior of the as-grown and annealed ZnGa2O4 PDs was investigated under 230 nm DUV light with an intensity of 
~62.5 µW/cm2 and at a bias of 5 V. PDs were measured by periodically turning on and off the UV light. The rise 
and decay time at 5 V bias were more than 10 s for the as-grown ZnGa2O4 PDs, shown in the inset of Fig. 5(d). 
Correspondently, the measured typical rise and decay time are 0.5 and 0.7 s, respectively, for the DUV PDs fabri-
cated using annealed ZnGa2O4 films as shown in Fig. 5(d). Obviously, there exists the PPC effect in the as-grown 
ZnGa2O4 PDs. The PPC effect is a light-induced enhancement in the conductivity that persists for a long period 
after the termination of light excitation. It was resulted from the deep level traps. In the as-grown ZnGa2O4, the 
deep level traps comes from the oxygen vacancy and surface density states which could be demonstrated by CL, 
AFM and I-V characteristics. These results agreed well with recently published results about ZnGa2O4-based 
PDs23,24,26. On the other hand, there was no PPC effect and no noticeable change in photocurrent upon turning 
on and off the light illumination over multicycles for the annealed ZnGa2O4 PDs. This continuous variation 
in photocurrent of annealed ZnGa2O4 film PDs indicated excellent reproducibility and stability. Evidently, the 
annealing treatment alleviates the PPC effect27. Additionally, the complete response of as-grown and annealed 
(800 °C) ZnGa2O4 DUV PDs are presented in Fig. S3 (Supplementary Information 3).

Figure 6 displays the noise power density of ZnGa2O4 thin film with and without annealing at 5 V bias. The 
frequency range was tuned from 1 Hz to 1600 Hz. The obtained spectra from the PD can be fitted well by the 
Hooge-type equation as follows28.
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where Id is the dark current, f is the frequency, So is a constant, and α and β are two fitting parameters. The fitting 
curve of noise power density spectra for two ZnGa2O4 DUV PDs (Fig. 6) was similar to 1/f with the frequency 
at < 500 Hz. The pure 1/f noise indicated that the noises at <500 Hz were related to flicker noise. Flicker noise or 
1/f -type noise mainly originates from the acoustic phonons and ionized impurities that cause mobility fluctua-
tion through lattice and impurity scatterings29. The noises at >500 Hz for as-grown ZnGa2O4 DUV PD decreased 
as 1/f2 due to generation-recombination noise. Obviously, generation-recombination noise can be reduced by 
thermal annealing due to the oxygen vacancy reducing. With these values, we can determine the constant So from 
Fig. 6. The So values for as-grown and annealed ZnGa2O4 DUV PDs were 1.70 × 10−7 and 1.3 × 10−7, respectively. 
At a bandwidth (B) of 1000 Hz, the total square noise current <in2 > can be estimated by integrating Sn(f).

In general, we assume that Sn(f) = Sn(1 Hz) when f < 1 Hz. Thus, the noise equivalent power (NEP) and detec-
tivity (D*) are given as follows.
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where R is the responsivity of the DUV PDs, and A and B are the active areas of the PD and the bandwidth. The 
NEP of as-grown and annealed ZnGa2O4 PDs was approximately 9.33 × 10−9 and 9.994 × 10−12 W, which corre-
sponded to D* of 2.449 × 108 and 2.2870 × 1011 cm Hz 0.5 W−1, respectively.

Moreover, Table S1 (Supplementary Information 4) shows the performance comparison with recently pub-
lished ternary oxide-based PDs. Inadequate studies have been conducted on these types of PDs. The ZnGa2O4 
thin-film PDs presented the potential to achieve the highest UV-to-visible ratio in the order of 107, lowest dark 
current of 1 pA, and short response time compared with those of other PDs based on MSM structure30–36.

This result suggested that thermal annealing treatment increased the PD detectivity. Furthermore, the detec-
tivity of annealed ZnGa2O4 thin film was suitable for PD application.

Discussion
We have successfully grown a single-crystalline ZnGa2O4 thin film on sapphire substrate by MOCVD techniques. 
The as-grown films exhibit the high density of oxygen vacancy defects and surface density states, which can result 
in deep trapping centers that increase the generation of current or trap-assisted leakage current. Consequently, 
the rise and decay times of as-grown PD devices are delayed, which is unsuitable for practical optoelectronic 
device application. However, the PD after annealing provides sufficient energy to reduce the oxygen vacancy 
defects and surface density states in as-grown samples to repair each other. After annealing treatment, ZnGa2O4 
film shows good photoelectric characteristics. To date, no relevant research has been published yet about PD 
based on single-crystalline ZnGa2O4 thin films with sharp cutoff wavelength (280 nm), obviously high respon-
sivity (86.3 A/W, under 230 nm DUV), considerably low dark current (<1 pA), short response time (<1 s), and 
high current on–off ratio (~107). Therefore, the ZnGa2O4 PD system is a high potential candidate for solar-blind 
UV detection application.

Experimental Method and Device Fabrication
ZnGa2O4 thin films were grown on c-plane (0001) sapphire substrates via a low-pressure MOCVD system. 
Diethyl zinc (DEZn), triethylgallium (TEGa), and oxygen (99.999%) were used as precursors. Ar (99.999%) was 
utilized as carrier gas to deliver DEZn and TEGa vapors to the reactor. The most excellent quality of the epil-
ayer thin film was obtained at the low pressure of 15 Torr, growth temperature of 650 °C, and total growth time 
of 90 min. The flow rates of DEZn, TEGa, and oxygen were maintained at 40, 50, and 200 sccm, respectively. 
Previously, we have systematically investigated in details the effects of different growth parameters on the suc-
cessfully grown (111)-oriented single-crystalline ZnGa2O4 films by MOCVD technique11. The as-grown epilayer 
was subsequently annealed in the furnace for 1 h at 700, 800 and 900 °C in nitrogen ambient. Crystalline qual-
ity and the epilayer orientation were measured using a high-resolution XRD (HR-XRD) system (PANalytical, 
X’Pert3 Pro MRD) with a Cu Kα line (λ = 1.541874 Å) as the radiation source. Ge (220) crystal was used as the 
monochromator. The surface roughness of as-grown and annealed ZnGa2O4 films was studied by atomic force 

Figure 6. Noise power density of as grown and annealed ZnGa2O4 UPDs.
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microscope. The chemical bonding states and surface compositions of ZnGa2O4 films were analyzed by XPS 
(ULVAC-PHIPHI 5000; monochromatic Al Kα radiation, 1486.6 eV). The atomic structure of ZnGa2O4 thin 
films was characterized using X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine 
structure (EXAFS) spectroscopy of Ga K-edge. Ga spectra were obtained at a beamline of 17C1 at the National 
Synchrotron Radiation Research Center in Hsinchu, Taiwan. The energy bandgaps (Eg) of the ZnGa2O4 films were 
investigated by CL measurements. To measure the optoelectric characteristics of ZnGa2O4 films, Ti/Al/Ti/Au 
(50/1700/50/200 nm) electrodes with a width of 50 μm and intra-distance of 50 μm were patterned on top of the 
ZnGa2O4 films using photolithography. The ohmic metal was deposited by e-beam evaporation. Deuterium lamp 
(30 W) was used as DUV light source for photoresponse measurements. The semiconductor parameter analyzer 
(4155B, Keysight Technologies) was used to measure the current–voltage (I–V) characteristics of the fabricated 
devices in a dark ambient environment at room temperature. The schematic structure of an interdigitated finger 
PD with top electrodes is shown in Fig. S4 (Supplementary Information 5). In the measurement process of noise 
power density, the dark current was measured by precision semiconductor parameter analyzer (4156 C, Keysight 
Technologies) first. Then, the bias and sensitivity were set in the low noise current preamplifier (SR 570, Stanford 
Research Systems). Finally, the low-frequency noise from 1–1000 Hz was obtained by dynamic signal analyzer 
(35670 A, Keysight Technologies).
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