
Citation: Fei, Z.; Chen, Z.; Chen, W.;

Luo, T.; Chen, S.; Liang, J.; Wang, X.;

Lu, X.; Wang, G.; Pei, Y.

High-Performance ε-Ga2O3

Solar-Blind Photodetectors Grown by

MOCVD with Post-Thermal

Annealing. Coatings 2023, 13, 1987.

https://doi.org/10.3390/

coatings13121987

Academic Editor: Octavian Buiu

Received: 18 October 2023

Revised: 17 November 2023

Accepted: 21 November 2023

Published: 23 November 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Brief Report

High-Performance ε-Ga2O3 Solar-Blind Photodetectors Grown
by MOCVD with Post-Thermal Annealing
Zeyuan Fei 1, Zimin Chen 1,*, Weiqu Chen 1, Tiecheng Luo 1, Shujian Chen 1, Jun Liang 1,2,*, Xinzhong Wang 2,
Xing Lu 1, Gang Wang 1,3 and Yanli Pei 1,3,*

1 State Key Laboratory of Optoelectronic Materials and Technologies, School of Electronics and Information
Technology, Sun Yat-sen University, HEMC, Guangzhou 510275, China; feizy@mail3.sysu.edu.cn (Z.F.);
chenwq59@mail2.sysu.edu.cn (W.C.); luotch3@mail2.sysu.edu.cn (T.L.); chenshj65@mail2.sysu.edu.cn (S.C.);
lux86@mail.sysu.edu.cn (X.L.); stswangg@mail.sysu.edu.cn (G.W.)

2 Shenzhen Institute of Information Technology, Shenzhen 518172, China; wangxz@sziit.com.cn
3 Foshan Institute, Sun Yat-sen University, Foshan 528225, China
* Correspondence: chenzim8@mail.sysu.edu.cn (Z.C.); liangjun@sziit.edu.cn (J.L.);

peiyanli@mail.sysu.edu.cn (Y.P.)

Abstract: High-temperature annealing has been regarded as an effective technology to improve
the performance of Ga2O3-based solar-blind photodetectors (SBPDs). However, as a metastable
phase, ε-Ga2O3 thin film may undergo phase transformation during post-annealing. Therefore, it is
necessary to investigate the effect of the phase transition and the defect formation or desorption on
the performance of photodetectors during post-annealing. In this work, the ε-Ga2O3 thin films were
grown on c-plane sapphire with a two-step method, carried out in a metal-organic chemical vapor
deposition (MOCVD) system, and the ε-Ga2O3 metal-semiconductor-metal (MSM)-type SBPDs were
fabricated. The effects of post-annealing on ε-Ga2O3 MSM SBPDs were investigated. As a metastable
phase, ε-Ga2O3 thin film undergoes phase transition when the annealing temperature is higher than
700 ◦C. As result, the decreased crystal quality makes an SBPD with high dark current and long
response time. In contrast, low-temperature annealing at 640 ◦C, which is the same as the growth
temperature, reduces the oxygen-related defects, as confirmed by X-ray photoelectron spectroscopy
(XPS) measurement, while the good crystal quality is maintained. The performance of the SBPD
with the post-annealing temperature of 640 ◦C is overall improved greatly compared with the ones
fabricated on the other films. It shows the low dark current of 0.069 pA at 10 V, a rejection ratio
(Rpeak/R400) of 2.4 × 104 (Rpeak = 230 nm), a higher photo-to-dark current ratio (PDCR) of 3 × 105,
and a better time-dependent photoresponse. These results indicate that, while maintaining no phase
transition, post-annealing is an effective method to eliminate point defects such as oxygen vacancies
in ε-Ga2O3 thin films and improve the performance of SBPDs.
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1. Introduction

Solar-blind photodetectors (SBPDs) have garnered considerable attention for their
applications in missile warning, optical communication, environmental monitoring, flame
detection, and various other fields [1–3]. Recently, solar-blind UV photodetectors based
on ultrawide bandgap semiconductors like AlGaN, MgZnO, and Ga2O3 have gained
significant prominence [4–6]. Among these materials, Ga2O3 stands out as a promising
candidate for SBPDs due to its ultra-wide and direct bandgap (4.5–5.2 eV), which is suitable
for the solar-blind region without the need for bandgap modulation through alloying
processes [7]. Ga2O3 has six crystal phases: α, β, γ, δ, ε, and κ [8,9]. Among them,
β-Ga2O3, being the most stable phase, has garnered widespread attention for the fabrication
of SBPDs [10–12]. Metastable ε-Ga2O3 presents a hexagonal symmetry, which means
ε-Ga2O3 has potential to grow on hexagonal substrates such as SiC, sapphire, and GaN with
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high-quality heteroepitaxy [13–15]. It also means that ε-Ga2O3 grown on these matching
substrates is attractive for the development of novel devices for optoelectronic applications.

Ga2O3 SBPDs can be categorized into two basic types: photoconductive-metal–semicon
ductor-metal (MSM) SBPDs and junction SBPDs. The MSM-SBPDs consist of two “back-to-
back” interdigitated electrodes and a semiconductor with photoconductivity effect as the
work mechanism. This type of device offers a simple fabrication process and large respon-
sivity [16]. The impact of defects in semiconductors on the performance of MSM-SBPDs
can appear in a variety of ways. These defects can be point defects, line defects, and plane
defects. An appropriate amount of defects can increase photocurrent due to photoconduc-
tivity gain, but a large number of defects can also cause a significant increase in dark current
and prolong response time. To date, there exist numerous studies examining the influence
of post-annealing on the characteristics of β-Ga2O3 film photodetectors [17–20]. High-
temperature annealing is recognized as a potent technique capable of not only diminishing
defect density but also enhancing crystal quality. These factors significantly influence the
performance of solar-blind photodetectors based on Ga2O3. The post-annealing method
has also been applied to the ε-Ga2O3 photodetectors to modulate the oxygen vacancy in
ε-Ga2O3 film, as reported in the literature [21]. However, as a metastable phase, ε-Ga2O3
thin film may undergo phase transformation during post-annealing. Therefore, it is neces-
sary to investigate the effect of the phase transition on the performance of photodetectors.
In addition, by keeping the ε-Ga2O3 phase unchanged, we would like to know whether a
post-annealing temperature as low as the growth temperature of ε-Ga2O3 is effective in
modulating defects such as oxygen vacancies.

In this study, MSM SBPDs were produced using ε-Ga2O3 thin films cultivated through
metal–organic chemical vapor deposition (MOCVD). The impact of varying annealing tem-
peratures on both the quality of the ε-Ga2O3 thin films and the performance of SBPDs was
thoroughly examined. When undergoing high-temperature annealing, the phase transition
results in the SBPDs’ performance deterioration, with high dark current and long response
time. Compared with high-temperature annealing, post-annealing at temperatures as low
as the growth temperature significantly improves the performance of SBPDs. The detailed
mechanism is also discussed.

2. Experiments

The ε-Ga2O3 thin films were grown on c-plane sapphire substrates utilizing an Em-
core400 metal–organic chemical vapor deposition (MOCVD) system, employing a two-step
growth method. Initially, a nucleation layer was grown at 550 ◦C using Triethylgallium
(TEGa) and deionized water (H2O) as precursors. Subsequently, an epitaxial layer was
cultivated at 640 ◦C using the same precursors. The thicknesses of the nucleation layer
and epitaxial layer were about 30 nm and 360 nm, respectively. Afterward, the ε-Ga2O3
films underwent annealing at temperatures of 640, 700, 800, and 900 ◦C in a tube furnace
under an N2 atmosphere. These samples were labeled as AG, N-640, N-700, N-800, and
N-900, respectively, denoting different annealing temperatures. The crystal structure of
the Ga2O3 films was scrutinized using high-resolution X-ray diffraction (HRXRD) via a
Bruker D8 Discover instrument (Bruker, Mannheim, Germany), using a ThermoFisher
Nexsa (ThermoFisher, Waltham, MA, USA) with a monochromic Al Ka (hν = 1486.6 eV)
X-ray source. Morphological assessments of the Ga2O3 thin films were conducted us-
ing a scanning electron microscope (SEM) (Hitachi S-4800) (Hitachi, Tokyo, Japan) and
atomic force microscopy (AFM) (Veeco, Dimension EDGE AFM, Plainview, NY, USA).
X-ray photoelectron spectroscopy (XPS) was employed to evaluate the stoichiometry of the
Ga2O3 films.

MSM SBPDs with Ti/Au (20 nm/80 nm) electrodes were fashioned on both the as-
grown and nitrogen-annealed Ga2O3 films. The electrode fingers measured 3 µm in width
and 95 µm in length, with a 5 µm spacing gap. An annealing process at 500 ◦C for 10 min
was executed to ensure full contact between the Ti/Au and Ga2O3 films. Current–voltage
(I-V) characteristics and time-dependent photocurrent (I-t) curves were measured using
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a semiconductor parameter analyzer (Agilent B1500A) (Agilent, Santa Clara, CA, USA).
A photoelectric system (CEL-PF300, China Education Au-light) (China Education Au-
light, Beijing, China) emitting light with various power densities (Plight) and illumination
wavelengths (λ) ranging from 220 nm to 400 nm was employed as a light source. Transient
response measurements were obtained using a 254 nm lamp with a light intensity of
550 µW/cm2.

3. Results and Discussion

Figure 1a presents the results of the X-ray diffraction (XRD) 2θ-scan of Ga2O3 film
growth on c-plane sapphire at different thermal annealing temperatures. The observed
diffraction peaks at 38.90◦ and 59.80◦ correspond to the (004) and (006) planes of ε-Ga2O3.
Additionally, peaks at 37.34◦, 38.38◦, and 58.94◦ are associated with the β-Ga2O3 reflections,
specifically (311), (402), and (603), respectively. It is noteworthy that the highest intensity
peak aligns with the sapphire (006) plane [22,23]. It is observed that AG and N-640 are
nearly pure ε phase without obvious phase transition. The weak shoulders at 38.38◦ and
58.94◦ in logarithmic coordinates can be attributed to the seeding layer, which the XRD
2θ-scan showed in Figure S1. Then, obvious diffraction shoulder peaks at 37.34◦ and 58.94◦

can be seen in the film with 700 ◦C thermal annealing, indicating that β-Ga2O3 component
in the film begins to form, which means that a mixture of β- and ε-Ga2O3 appears at this
annealing temperature. When the annealing temperature increases to 800 ◦C or above, the
ε-Ga2O3 transforms to β-Ga2O3 completely. We observed diffraction peaks from different
crystal plane families, indicating that β-Ga2O3 is poly-crystalline structure. The transition
temperature is consistent with literature reports [24]. In order to evaluate the effect of
low-temperature annealing on the crystal quality carefully, the (004) rocking curves of the
pure ε-phase thin films were compared between AG and N-640, as shown in Figure 1b. The
full width at half maximum (FWHM) of AG is 0.22◦, indicating good crystal quality by
heteroepitaxy. The FWHM is almost unchanged after 640 ◦C post-annealing. This suggests
that the low-temperature annealing (i.e., the annealing temperature is almost the same as
the growth temperature) does not easily create defects such as dislocation. The transmission
spectra of all the films are shown in Figure 1c with the wavelength from 200 to 800 nm.
By extrapolating the linear region of (αhν)2 versus photon energy (hν), a band gap range
around 4.73–4.81 eV was determined.
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Figure 1. (a) XRD patterns of Ga2O3 film growth on c-plane sapphire with various thermal annealing
temperatures. (b) Rocking curve of the ε-Ga2O3 (004) plane. (c) The transmittance spectra of the
Ga2O3 thin film, a plot of (αhν)2 against photon energy (hν), which aids in determining the optical
bandgap of Ga2O3, as presented in the inset.

To further investigate the crystalline structure of the annealed ε-Ga2O3 films, Figure 2
presents the surface morphology images of the Ga2O3 thin films obtained through SEM and
AFM measurements. The three-dimensional island surface morphologies are observed by
AFM for all the films with a Root-Mean-Square (RMS) surface roughness of about 6–7 nm.
In addition, as the annealing temperature increased to 800 ◦C, obvious cracks appeared on
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the surface of the film (N-800). Furthermore, with the annealing temperature elevated to
900 ◦C (N-900), the cracks become wider and wider, which means that the process of phase
transition is accompanied with significant stress, leading to deterioration of crystal quality.
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In recent investigations, both empirical and theoretical research has revealed the
abundance of oxygen-vacancy (Vo) defects in Ga2O3 [25,26]. Figure 3a–e show the XPS
spectra of the O 1s peaks for both as-grown and annealed ε-Ga2O3 thin films. The O 1s
core level spectra were subjected to Gaussian fitting, revealing three distinct components:
(1) (OI), which corresponds to O2− ions in the Ga2O3 lattice regions; (2) (OII), representing
O2− ions in oxygen-deficient regions and commonly associated with oxygen-vacancy (VO)
defects in oxide materials; (3) (OIII) peaks, indicative of hydroxyl and carbonate species
chemisorbed on the film surface, centered at 530.5, 532.0, and 533.5 eV, respectively [20].
The density of oxygen vacancies is indicated by the intensity ratio of OII/(OII + OI), and it
is found to be 17.2%, 10.0%, 14.7%, 10.7%, and 10.1% for the AG, N-640, N-700, N-800, and
N-900, respectively. The AG Ga2O3 film inherently exhibits a heightened concentration
of oxygen vacancies, as evidenced by a substantial OII/(OII + OI) ratio of 17.2%. After
640 ◦C post-annealing, the OII/(OII + OI) ratio is significantly decreased to 10%, indicating
the elimination of oxygen-vacancy defects in the film. Correspondingly, the Ga2p shifts
in the high-binding-energy direction, as shown in Figure 3f. Therefore, the reduction in
the OII/(OII + OI) ratio within the N-640 can be attributed to the increased formation of
Ga-O bonds during annealing at 640 ◦C [27]. Conversely, with the 700 ◦C annealing, the
OII/(OII + OI) ratio shows a notable increase, contrasting the behavior observed in the
N-640 film. It is believed that the film crystalline phase begins to develop from ε phase
to a mixture of ε and β phase at 700 ◦C annealing; meanwhile, the grain boundaries are
formed inside the film. The sharp increase in VO concentration in the N-700 condition is
primarily governed by the predominant escape of oxygen through grain boundaries or
cavities [28]. Furthermore, when the annealing temperature is increased as high as 800 ◦C
or 900 ◦C, the intensity ratio of OII/(OI + OII) decreases to nearly 10%, while the Ga2p
spectra shift in the low-binding-energy direction. Similar phenomena have been reported
in the literature [29]. It was explained that N doping in β-Ga2O3 substitutes to Vo, during
the high-temperature annealing process in a nitrogen atmosphere, while the Ga2p shift
corresponds to the formation of Ga-N bonds. The impact of high-temperature annealing
on point defects needs still further research.
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MSM SBPDs were fabricated on both the as-grown and annealed Ga2O3 thin films.
In Figure 4a–e, the semilogarithmic I-V characteristics of all Ga2O3 SBPDs in the dark
and under 254 nm illumination (power density ~62 µW/cm2) at room temperature are
presented. The primary distinctions in dark current (Idark) and photocurrents (I254nm) at
10 V were extracted, as illustrated in Figure 4f. The as-grown (AG) SBPD exhibits elevated
leakage current attributed to the presence of oxygen-vacancy (VO) defects within the
ε-Ga2O3 film. According to some reports, in the MSM-type SPBDs, traps such as oxygen-
vacancy defects under the conduction band promote trap-assisted tunneling (TAT) during
the electron transport so that the device shows a large dark current [30,31]. However, the
Idark at 10 V maintains an exceptionally low level, measuring below 6.9 × 10−14 A after
undergoing thermal annealing at 640 ◦C; this value is nearly three orders of magnitude
lower than the dark current observed in the AG device. Considering that the crystal quality
is almost unchanged after post-annealing at 640 ◦C, such a low Idark should be ascribed
to the plunge in the concentration of point defects such as Vo. Then, the Idark rises with
the increase in annealing temperature, even larger than that of the AG SBPD. It can be
attributed to the more leakage channels caused by the worse crystalline quality. Of course,
for the case with 700 ◦C thermal annealing, the oxygen-related defects also lead to the
large leakage current. In contrast to the behavior of Idark, the Iphoto remains consistently
high across all devices. The combination of high Iphoto and low Idark results in an increased
photo-to-dark current ratio (PDCR = (Iphoto − Idark)/Idark). Notably, the N-640 Ga2O3 SBPD
exhibits an exceptionally high PDCR of 3 × 105, surpassing all other devices.
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Figure 4. (a–e) Logarithmic scale I-V curves of the Ga2O3 SBPDs with and without 254 nm light
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Figure 5a is the normalized spectral response of all the devices measured at a wave-
length range of 220 to 400 nm and a bias of 10 V. Thermal annealing significantly impacts the
spectral responsivity. Assessing the spectral response characteristics illustrated in Figure 5a,
it is evident that all devices demonstrate substantial sensitivities in the solar-blind region.
Upon undergoing a phase transition, the response peak of Ga2O3 SBPDs shifts from 230 to
256 nm. The crystal structure plays a pivotal role in influencing the response peak, presum-
ably determining the energy band structure and the distribution of the density of states.
The UV-to-visible rejection ratio (Rpeak/R400nm), representing the ratio of peak responsivity
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to responsivity at 400 nm, serves as a metric for evaluating the spectral selectivity of the
photodetector. As depicted in Figure 5b, the rejection ratio of the N-640 device can reach
an impressive 2.4 × 104. This optimal wavelength selectivity and sensitivity suggest a
significant reduction in subgap states throughout the entire ε-Ga2O3, achieved through
thermal annealing at 640 ◦C. Furthermore, another critical figure of merit is D*, which
characterizes sensitivity, taking into account the noise floor from Idark in addition to the
photo response, and is expressed as [32].

D∗ =
R
√

Se f f√
2qIdark

(1)

Here, R represents the responsivity, Seff is the effective illuminated area in the detector,
and q denotes the electron charge (1.6 × 10−19 C). As illustrated in Figure 5b, the specific
detectivity of the N-640 photodetector is determined to be 1.0 × 1015 cm Hz 1/2 W−1

(Jones), attributed to its high responsivity and low dark current. Figure 5c depicts the
responsivity of all the devices under illumination of various 254 nm light intensities. It is
shown that the responsivity exhibits a trend of initial increase followed by a decrease with
increasing light intensity. Under low light intensity illumination, the photoconductivity
effect constitutes the primary operational principle of the device. Trap centers capture
and subsequently release photogenerated charge carriers, prolonging their lifetimes and
thereby enhancing responsivity. Conversely, under high light intensity illumination, the
self-heating effect at elevated intensities leads to increased carrier scattering, resulting in a
decrease in responsivity [33,34].
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Figure 6a exhibits the time-dependent photo-response of all the photodetectors, ac-
quired by exposing them to 254 nm UV light at a power density (Pλ) of 550 µW/cm2, while
operating at a voltage of 10 V. All the devices exhibit a distinct photo-response at this light
intensity. It is evident from Figure 6b that the decay time (τd), defined as the duration
during which the current decreases from 90% to 10% of its peak value, was significantly
reduced by thermal annealing at 640 ◦C. Moreover, the decay time (τd) typically consists
of two processes characterized by fast and slow responses. Typically, the fast response
components stem from immediate shifts in carrier concentration upon light activation
or deactivation, while the slow response is associated with carrier trapping and release
from defect bands like oxygen vacancies, gallium–oxygen-vacancy pairs, or grain bound-
aries within Ga2O3 films [35,36]. For a quantitative analysis of the switching speed of the
PDs, the time-dependent response curves (see Figure 6a) were subjected to fitting using a
bi-exponential relaxation equation [37], as outlined below:
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I = I0 + Ae−t/τ1 + Be−t/τ2 (2)

Here, I0 represents the steady-state photocurrent, t denotes time, and A, B are con-
stants for fitting. τd1 and τd2 represent the relaxation time constants for the fast and slow
components, respectively. Figure 6c shows the decay time of all the devices. They (τd1
and τd2) are 0.08 s/0.37 s, 0.03 s/0.11 s, 0.05 s/0.53 s, 0.05 s/0.48 s, and 0.07 s/0.58 s for
AG, N-640, N-700, N-800, and N-900, respectively. The persistent photoconductivity (PPC)
has been widely reported, which is mainly related to deep-level defects, which can come
from dislocations, grain boundaries, as well as point defects such as Vo. Obviously, the
decay speed can be effectively accelerated with 640 ◦C thermal annealing. The improved
persistent photoconductivity (PPC) can be attributed to superior crystal quality and a
decreased presence of oxygen vacancies. As depicted in Figure 6d, the N-640 photodetector
exhibits a time-dependent photo-response to 254 nm illumination through on/off switching
under an applied bias of 10 V. Even after multiple illumination cycles, the device consis-
tently maintains a nearly identical response, emphasizing its high robustness and excellent
reproducibility. Table 1 summarizes the parameters of the typical Ga2O3 MSM-type SBPDs
with mainstream phases. In this work, the dark current of the N-640 photodetector is
~6.9 × 10−14 A. For ε-Ga2O3 SBPDs, this is the lowest dark current reported in the litera-
ture so far. Moreover, the PDCR, responsivity, and τd exhibit comparability to, or slightly
surpass, results reported in other works.
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Table 1. Comparison of the device parameters of the reported Ga2O3 thin film MSM SBPDs.

Materials Bias (V) PDCR Idark (A) D* (Jone) Rejection Ratio τd (s) Reference

ε-Ga2O3 10 3.0 × 105 6.9 × 10−14 1.0 × 1015 2.4 × 104 (R230/R400) 0.03/0.11 This work
ε-Ga2O3 5 8.7 × 106 1.5 × 10−12 2.5 × 1015 1.2 × 106 (R250/R400) 0.13 [38]
ε-Ga2O3 5 3.5 × 103 2.1 × 10−11 2.5 × 1011 - - [39]
ε-Ga2O3 6 1.7 × 105 2.4 × 10−11 1.2 × 1015 1.2 × 105 (R250/R400) 0.03/0.08 [40]
ε-Ga2O3 6 5.7 × 104 2.5 × 10−11 4.2 × 1014 - 0.10 [41]
ε-Ga2O3 5 2.0 × 103 4.7 × 10−7 1.2 × 1013 6.0 × 103 (R254/R400) 5.20 [42]
ε-Ga2O3 20 9.5 × 107 1.0 × 10−12 1.0 × 1016 1.9 × 104 (R240/R400) 0.12 [43]
a-Ga2O3 10 <104 3.4 × 10−10 1.3 × 1014 1.2 × 105 (R250/R350) 0.02/0.35 [20]
a-Ga2O3 5 1.0 × 105 3.0 × 10−15 9.8 × 1012 1.0 × 103 2.40 × 10−4 [31]
β-Ga2O3 20 1.5 × 105 7.0 × 10−10 1.1 × 1016 - 0.21/1.38 [44]
β-Ga2O3 10 <107 2.9 × 10−11 9.0 × 1015 8.6 × 106 (R250/R400) 0.50 [45]
β-Ga2O3 50 3.5 × 101 1.0 × 10−9 - - 12.13 [46]
α-Ga2O3 10 - 5.0 × 10−13 - 3.6 × 102 (R253/R400) 8.90 × 10−5 [47]
α-Ga2O3 10 1.0 × 102 1.2 × 10−9 - - 3.49/5.12 [48]
γ-Ga2O3 - 1.6 × 104 9.0 × 10−10 - - 0.06 [49]

4. Conclusions

In summary, we have showcased MSM SBPDs based on ε-Ga2O3 thin films, thoroughly
exploring the impact of post-annealing on device performance. Notably, the solar-blind pho-
todetector, subjected to a 640 ◦C thermal annealing process under a nitrogen atmosphere,
demonstrates superior performance parameters: a low dark current of ~6.9 × 10−14 A at
10 V bias, a high PDCR of 3 × 105, and a substantial rejection ratio (Rpeak/R400) of 2.4 × 104

(Rpeak = 230 nm). The excellent performance can be ascribed to the diminished presence of
oxygen-related vacancy defects following annealing, all the while preserving a high crystal
quality. It is crucial to note that when the post-annealing is performed at high temperature,
the ε-Ga2O3 transforms to β-Ga2O3 with worse crystal quality and the performance of
SBPDs significantly decreases. Our research underscores the importance of employing
an appropriately tailored thermal annealing process as an efficient strategy to achieve
high-performance ε-Ga2O3-film-based SBPDs.
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layer growth on c-plane sapphire.

Author Contributions: Z.F.: Methodology, Investigation, Validation, Formal analysis, Writing—original
draft. Z.C.: Conceptualization, Methodology, Formal analysis, Writing—review & editing. W.C.:
Investigation, Formal analysis. T.L.: Investigation. S.C.: Investigation. J.L.: Conceptualization,
Funding acquisition. X.W.: Conceptualization, Methodology. X.L.: Conceptualization, Methodology.
G.W.: Conceptualization, Methodology. Y.P.: Conceptualization, Methodology, Formal analysis,
Writing—review & editing, Supervision, Funding acquisition. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported in part by the Natural Science Foundation of China (Grant
No. 61804187 and No. 62074167), the Science and Technology Development Plan Project of Jilin
Province, China (Grant No. YDZJ202303CGZH022), and the Open Fund of the State Key Laboratory
of Optoelectronic Materials and Technologies (Sun Yat-sen University).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We acknowledge Runze Zhan of the State Key Laboratory of Optoelectronic
Materials and Technologies for XPS measurements.

https://www.mdpi.com/article/10.3390/coatings13121987/s1
https://www.mdpi.com/article/10.3390/coatings13121987/s1


Coatings 2023, 13, 1987 10 of 12

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Yang, J.; Liu, K.; Chen, X.; Shen, D. Recent advances in optoelectronic and microelectronic devices based on ultrawide-bandgap

semiconductors. Prog. Quantum Electron. 2022, 83, 100397. [CrossRef]
2. Xie, C.; Lu, X.; Tong, X.; Zhang, Z.; Liang, F.; Liang, L.; Luo, L.; Wu, Y. Recent Progress in Solar-Blind Deep-Ultraviolet

Photodetectors Based on Inorganic Ultrawide Bandgap Semiconductors. Adv. Funct. Mater. 2019, 29, 1806006. [CrossRef]
3. Kaur, D.; Kumar, M. A Strategic Review on Gallium Oxide Based Deep-Ultraviolet Photodetectors: Recent Progress and Future

Prospects. Adv. Opt. Mater. 2021, 9, 2002160. [CrossRef]
4. Guo, C.; Zhang, J.; Xia, S.; Deng, L.; Liu, K.; Yang, Z.; Cheng, B.; Sarkar, B.; Guo, W.; Ye, J. Self-powered MSM solar-blind AlGaN

photodetector realized by in-plane polarization modulation. Opt. Lett. 2023, 48, 4769–4772. [CrossRef]
5. Jheng, J.-S.; Wang, C.-K.; Chiou, Y.-Z.; Chang, S.-P.; Chang, S.-J. Voltage-Tunable UVC–UVB Dual-Band Metal–Semiconductor–

Metal Photodetector Based on Ga2O3/MgZnO Heterostructure by RF Sputtering. Coatings 2020, 10, 994. [CrossRef]
6. Yan, S.; Jiao, T.; Ding, Z.; Zhou, X.; Ji, X.; Dong, X.; Zhang, J.; Xin, Q.; Song, A. Ga2O3 Schottky Avalanche Solar-Blind Photodiode

with High Responsivity and Photo-to-Dark Current Ratio. Adv. Electron. Mater. 2023, 9, 2300297. [CrossRef]
7. Cui, S.; Mei, Z.; Zhang, Y.; Liang, H.; Du, X. Room-Temperature Fabricated Amorphous Ga2O3 High-Response-Speed Solar-Blind

Photodetector on Rigid and Flexible Substrates. Adv. Opt. Mater. 2017, 5, 1700454. [CrossRef]
8. Lu, C.; Ji, X.; Liu, Z.; Yan, X.; Lu, N.; Li, P.; Tang, W. A review of metal–semiconductor contacts for β-Ga2O3. J. Phys. D Appl. Phys.

2022, 55, 463002. [CrossRef]
9. Pearton, S.J.; Yang, J.; Cary, P.H.; Ren, F.; Kim, J.; Tadjer, M.J.; Mastro, M.A. A review of Ga2O3 materials, processing, and devices.

Appl. Phys. Rev. 2018, 5, 011301. [CrossRef]
10. Zhang, X.; Wang, L.; Wang, X.; Chen, Y.; Shao, Q.; Wu, G.; Wang, X.; Lin, T.; Shen, H.; Wang, J.; et al. High-performance β-Ga2O3

thickness dependent solar blind photodetector. Opt. Express 2020, 28, 4169–4177. [CrossRef]
11. Chen, Y.-C.; Lu, Y.-J.; Lin, C.-N.; Tian, Y.-Z.; Gao, C.-J.; Dong, L.; Shan, C.-X. Self-powered diamond/β-Ga2O3 photodetectors for

solar-blind imaging. J. Mater. Chem. C 2018, 6, 5727–5732. [CrossRef]
12. Chen, X.; Ren, F.; Gu, S.; Ye, J. Review of gallium-oxide-based solar-blind ultraviolet photodetectors. Photonics Res. 2019, 7,

381–415. [CrossRef]
13. Mezzadri, F.; Calestani, G.; Boschi, F.; Delmonte, D.; Bosi, M.; Fornari, R. Crystal Structure and Ferroelectric Properties of ε-Ga2O3

Films Grown on (0001)-Sapphire. Inorg. Chem. 2016, 55, 12079–12084. [CrossRef] [PubMed]
14. Zhang, T.; Li, Y.; Cheng, Q.; Hu, Z.; Ma, J.; Yao, Y.; Cui, C.; Zuo, Y.; Feng, Q.; Zhang, Y.; et al. Research on the crystal phase and

orientation of Ga2O3 Hetero-epitaxial film. Superlattices Microstruct. 2021, 159, 107053. [CrossRef]
15. Xia, X.; Chen, Y.; Feng, Q.; Liang, H.; Tao, P.; Xu, M.; Du, G. Hexagonal phase-pure wide band gap ε-Ga2O3 films grown on

6H-SiC substrates by metal organic chemical vapor deposition. Appl. Phys. Lett. 2016, 108, 202103. [CrossRef]
16. Hou, X.; Zou, Y.; Ding, M.; Qin, Y.; Zhang, Z.; Ma, X.; Tan, P.; Yu, S.; Zhou, X.; Zhao, X.; et al. Review of polymorphous

Ga2O3materials and their solar-blind photodetector applications. J. Phys. D Appl. Phys. 2020, 54, 043001. [CrossRef]
17. Wang, J.; Ye, L.; Wang, X.; Zhang, H.; Li, L.; Kong, C.; Li, W. High transmittance β-Ga2O3 thin films deposited by magnetron

sputtering and post-annealing for solar-blind ultraviolet photodetector. J. Alloys Compd. 2019, 803, 9–15. [CrossRef]
18. Guo, D.Y.; Wu, Z.P.; An, Y.H.; Guo, X.C.; Chu, X.L.; Sun, C.L.; Li, L.H.; Li, P.G.; Tang, W.H. Oxygen vacancy tuned Ohmic-Schottky

conversion for enhanced performance in β-Ga2O3 solar-blind ultraviolet photodetectors. Appl. Phys. Lett. 2014, 105, 023507.
[CrossRef]

19. Rafique, S.; Han, L.; Zhao, H. Thermal annealing effect on β-Ga2O3 thin film solar blind photodetector heteroepitaxially grown
on sapphire substrate. Phys. Status Solidi (a) 2017, 214, 1700063. [CrossRef]

20. Qian, L.-X.; Wu, Z.-H.; Zhang, Y.-Y.; Lai, P.T.; Liu, X.-Z.; Li, Y.-R. Ultrahigh-Responsivity, Rapid-Recovery, Solar-Blind Photodetec-
tor Based on Highly Nonstoichiometric Amorphous Gallium Oxide. ACS Photonics 2017, 4, 2203–2211. [CrossRef]

21. Li, S.; Yue, J.; Ji, X.; Lu, C.; Yan, Z.; Li, P.; Guo, D.; Wu, Z.; Tang, W. Oxygen vacancies modulating the photodetector performances
in ε-Ga2O3 thin films. J. Mater. Chem. C 2021, 9, 5437–5444. [CrossRef]

22. Zhuo, Y.; Chen, Z.; Tu, W.; Ma, X.; Pei, Y.; Wang, G. β-Ga2O3 versus ε-Ga2O3: Control of the crystal phase composition of gallium
oxide thin film prepared by metal-organic chemical vapor deposition. Appl. Surf. Sci. 2017, 420, 802–807. [CrossRef]

23. Chen, S.; Chen, Z.; Chen, W.; Fei, Z.; Luo, T.; Liang, J.; Wang, X.; Wang, G.; Pei, Y. Metal–organic chemical vapor deposition of
ε-Ga2O3 thin film using N2O as a precursor. CrystEngComm 2023, 25, 2871–2876. [CrossRef]

24. Stepanov, S.I.; Nikolaev, V.I.; Bougrov, V.E.; Romanov, A.E. Gallium OXIDE: Properties and applica 498 a review. Rev. Adv. Mater.
Sci. 2016, 44, 63–86.

25. Dong, L.; Jia, R.; Xin, B.; Peng, B.; Zhang, Y. Effects of oxygen vacancies on the structural and optical properties of β-Ga2O3. Sci.
Rep. 2017, 7, 40160. [CrossRef] [PubMed]

26. Wang, J.; Xiong, Y.; Ye, L.; Li, W.; Qin, G.; Ruan, H.; Zhang, H.; Fang, L.; Kong, C.; Li, H. Balanced performance for β-Ga2O3 solar
blind photodetectors: The role of oxygen vacancies. Opt. Mater. 2021, 112, 110808. [CrossRef]

https://doi.org/10.1016/j.pquantelec.2022.100397
https://doi.org/10.1002/adfm.201806006
https://doi.org/10.1002/adom.202002160
https://doi.org/10.1364/OL.500391
https://doi.org/10.3390/coatings10100994
https://doi.org/10.1002/aelm.202300297
https://doi.org/10.1002/adom.201700454
https://doi.org/10.1088/1361-6463/ac8818
https://doi.org/10.1063/1.5006941
https://doi.org/10.1364/OE.385470
https://doi.org/10.1039/C8TC01122B
https://doi.org/10.1364/PRJ.7.000381
https://doi.org/10.1021/acs.inorgchem.6b02244
https://www.ncbi.nlm.nih.gov/pubmed/27934322
https://doi.org/10.1016/j.spmi.2021.107053
https://doi.org/10.1063/1.4950867
https://doi.org/10.1088/1361-6463/abbb45
https://doi.org/10.1016/j.jallcom.2019.06.224
https://doi.org/10.1063/1.4890524
https://doi.org/10.1002/pssa.201700063
https://doi.org/10.1021/acsphotonics.7b00359
https://doi.org/10.1039/D1TC00616A
https://doi.org/10.1016/j.apsusc.2017.05.241
https://doi.org/10.1039/D3CE00078H
https://doi.org/10.1038/srep40160
https://www.ncbi.nlm.nih.gov/pubmed/28065936
https://doi.org/10.1016/j.optmat.2021.110808


Coatings 2023, 13, 1987 11 of 12

27. Han, S.; Huang, X.; Fang, M.; Zhao, W.; Xu, S.; Zhu, D.; Xu, W.; Fang, M.; Liu, W.; Cao, P.; et al. High-performance UV detectors
based on room-temperature deposited amorphous Ga2O3 thin films by RF magnetron sputtering. J. Mater. Chem. C 2019, 7,
11834–11844. [CrossRef]

28. Huang, C.-Y.; Horng, R.-H.; Wuu, D.-S.; Tu, L.-W.; Kao, H.-S. Thermal annealing effect on material characterizations of β-Ga2O3
epilayer grown by metal organic chemical vapor deposition. Appl. Phys. Lett. 2013, 102, 011119. [CrossRef]

29. Song, Y.P.; Zhang, H.Z.; Lin, C.; Zhu, Y.W.; Li, G.H.; Yang, F.H.; Yu, D.P. Luminescence emission originating from nitrogen doping
ofβ−Ga2O3nanowires. Phys. Rev. B 2004, 69, 075304. [CrossRef]

30. Qian, L.-X.; Gu, Z.; Huang, X.; Liu, H.; Lv, Y.; Feng, Z.; Zhang, W. Comprehensively Improved Performance of β-Ga2O3
Solar-Blind Photodetector Enabled by a Homojunction with Unique Passivation Mechanisms. ACS Appl. Mater. Interfaces 2021, 13,
40837–40846. [CrossRef] [PubMed]

31. Zhang, Y.-F.; Chen, X.-H.; Xu, Y.; Ren, F.-F.; Gu, S.-L.; Zhang, R.; Zheng, Y.-D.; Ye, J.-D. Transition of photoconductive and
photovoltaic operation modes in amorphous Ga2O3-based solar-blind detectors tuned by oxygen vacancies. Chin. Phys. B 2019,
28, 028501. [CrossRef]

32. Luo, X.; Chen, S.; Liu, L.; Lv, J.; Qadir, A.; Shehzad, K.; Qiao, X.; Xu, Y.; Kienle, L.; Lotnyk, A.; et al. Micron-Scale Photodetectors
Based on One-Dimensional Single-Crystalline Sb2−xSnxSe3 Microrods: Simultaneously Improving Responsivity and Extending
Spectral Response Region. J. Phys. Chem. C 2018, 123, 810–816. [CrossRef]

33. Kong, W.-Y.; Wu, G.-A.; Wang, K.-Y.; Zhang, T.-F.; Zou, Y.-F.; Wang, D.-D.; Luo, L.-B. Graphene-β-Ga2O3 Heterojunction for
Highly Sensitive Deep UV Photodetector Application. Adv. Mater. 2016, 28, 10725–10731. [CrossRef]

34. Yu, J.; Yu, M.; Wang, Z.; Yuan, L.; Huang, Y.; Zhang, L.; Zhang, Y.; Jia, R. Improved Photoresponse Performance of Self-Powered
β-Ga2O3/NiO Heterojunction UV Photodetector by Surface Plasmonic Effect of Pt Nanoparticles. IEEE Trans. Electron Devices
2020, 67, 3199–3204. [CrossRef]

35. Ravadgar, P.; Horng, R.-H.; Yao, S.-D.; Lee, H.-Y.; Wu, B.-R.; Ou, S.-L.; Tu, L.-W. Effects of crystallinity and point defects on
optoelectronic applications of β-Ga2O3 epilayers. Opt. Express 2013, 21, 24599–24610. [CrossRef]

36. Guo, D.; Wang, J.; Cui, C.; Li, P.; Zhong, X.; Wang, F.; Yuan, S.; Zhang, K.; Zhou, Y. ZnO@TiO2 core–shell nanorod arrays with
enhanced photoelectrochemical performance. Sol. Energy 2013, 95, 237–245. [CrossRef]

37. Liu, N.; Fang, G.; Zeng, W.; Zhou, H.; Cheng, F.; Zheng, Q.; Yuan, L.; Zou, X.; Zhao, X. Direct Growth of Lateral ZnO Nanorod UV
Photodetectors with Schottky Contact by a Single-Step Hydrothermal Reaction. ACS Appl. Mater. Interfaces 2010, 2, 1973–1979.
[CrossRef]

38. An, Y.-H.; Gao, Z.-S.; Guo, Y.; Zhang, S.-H.; Liu, Z.; Tang, W.-H. One ε-Ga2O3-based solar-blind Schottky photodetector
emphasizing high photocurrent gain and photocurrent-intensity linearity. Chin. Phys. B 2023, 32, 058502. [CrossRef]

39. Yang, Y.; Zhu, H.; Wang, L.; Jiang, Y.; Wang, T.; Liu, C.; Li, B.; Tang, W.; Wu, Z.; Yang, Z.; et al. In-depth investigation of low-energy
proton irradiation effect on the structural and photoresponse properties of ε-Ga2O3 thin films. Mater. Des. 2022, 221, 110944.
[CrossRef]

40. Qin, Y.; Li, L.; Zhao, X.; Tompa, G.S.; Dong, H.; Jian, G.; He, Q.; Tan, P.; Hou, X.; Zhang, Z.; et al. Metal–Semiconductor–Metal
ε-Ga2O3 Solar-Blind Photodetectors with a Record-High Responsivity Rejection Ratio and Their Gain Mechanism. ACS Photonics
2020, 7, 812–820. [CrossRef]

41. Qin, Y.; Sun, H.; Long, S.; Tompa, G.S.; Salagaj, T.; Dong, H.; He, Q.; Jian, G.; Liu, Q.; Lv, H.; et al. High-Performance Metal-Organic
Chemical Vapor Deposition Grown ε-Ga2O3 Solar-Blind Photodetector With Asymmetric Schottky Electrodes. IEEE Electron
Device Lett. 2019, 40, 1475–1478. [CrossRef]

42. Cao, X.; Xing, Y.; Han, J.; Li, J.; He, T.; Zhang, X.; Zhao, J.; Zhang, B. Crystalline properties of ε-Ga2O3 film grown on c-sapphire
by MOCVD and solar-blind ultraviolet photodetector. Mater. Sci. Semicond. Process. 2020, 123, 105532. [CrossRef]

43. Zhang, W.; Wang, W.; Zhang, J.; Zhang, T.; Chen, L.; Wang, L.; Zhang, Y.; Cao, Y.; Ji, L.; Ye, J. Directional Carrier Transport in
Micrometer-Thick Gallium Oxide Films for High-Performance Deep-Ultraviolet Photodetection. ACS Appl. Mater. Interfaces 2023,
15, 10868–10876. [CrossRef]

44. Xu, Y.; Cheng, Y.; Li, Z.; Chen, D.; Xu, S.; Feng, Q.; Zhu, W.; Zhang, Y.; Zhang, J.; Zhang, C.; et al. Ultrahigh-Performance
Solar-Blind Photodetectors Based on High Quality Heteroepitaxial Single Crystalline β-Ga2O3 Film Grown by Vacuumfree,
Low-Cost Mist Chemical Vapor Deposition. Adv. Mater. Technol. 2021, 6, 2001296. [CrossRef]

45. Zhang, C.; Liu, K.; Ai, Q.; Huang, X.; Chen, X.; Zhu, Y.; Yang, J.; Cheng, Z.; Li, B.; Liu, L.; et al. Performance Enhancement of
Ga2O3 Solar-Blind UV Photodetector by the Combination of Oxygen Annealing and Plasma Treatment. J. Phys. Chem. C 2022,
126, 21839–21846. [CrossRef]

46. Zhao, X.; Cui, W.; Wu, Z.; Guo, D.; Li, P.; An, Y.; Li, L.; Tang, W. Growth and Characterization of Sn Doped β-Ga2O3 Thin Films
and Enhanced Performance in a Solar-Blind Photodetector. J. Electron. Mater. 2017, 46, 2366–2372. [CrossRef]

47. Lee, S.H.; Lee, K.M.; Moon, Y.-J.; Bin Kim, S.; Bae, D.; Kim, T.J.; Kim, Y.D.; Kim, S.-K.; Lee, S.W. Sub-microsecond response time
deep-ultraviolet photodetectors using α-Ga2O3 thin films grown via low-temperature atomic layer deposition. J. Alloys Compd.
2019, 780, 400–407. [CrossRef]

https://doi.org/10.1039/C9TC03613J
https://doi.org/10.1063/1.4773247
https://doi.org/10.1103/PhysRevB.69.075304
https://doi.org/10.1021/acsami.1c12615
https://www.ncbi.nlm.nih.gov/pubmed/34382765
https://doi.org/10.1088/1674-1056/28/2/028501
https://doi.org/10.1021/acs.jpcc.8b09469
https://doi.org/10.1002/adma.201604049
https://doi.org/10.1109/TED.2020.2999027
https://doi.org/10.1364/OE.21.024599
https://doi.org/10.1016/j.solener.2013.06.003
https://doi.org/10.1021/am100277q
https://doi.org/10.1088/1674-1056/acb75b
https://doi.org/10.1016/j.matdes.2022.110944
https://doi.org/10.1021/acsphotonics.9b01727
https://doi.org/10.1109/LED.2019.2932382
https://doi.org/10.1016/j.mssp.2020.105532
https://doi.org/10.1021/acsami.3c00124
https://doi.org/10.1002/admt.202001296
https://doi.org/10.1021/acs.jpcc.2c07141
https://doi.org/10.1007/s11664-017-5291-5
https://doi.org/10.1016/j.jallcom.2018.11.333


Coatings 2023, 13, 1987 12 of 12

48. Zhao, X.; Wu, Z.; Guo, D.; Cui, W.; Li, P.; An, Y.; Li, L.; Tang, W. Growth and characterization of α-phase Ga2−xSnxO3 thin films
for solar-blind ultraviolet applications. Semicond. Sci. Technol. 2016, 31, 065010. [CrossRef]

49. Wang, Y.Q.; Song, L.X.; Teng, Y.; Wang, F.; Wang, W.P.; Ruan, M.M.; Yang, Z.; Xu, Z.Y. From gallium-based supramolecular square
nanoplates to γ-Ga2O3 layer nanosheets. J. Mater. Chem. C 2019, 7, 1477–1483. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1088/0268-1242/31/6/065010
https://doi.org/10.1039/C8TC06187D

	Introduction 
	Experiments 
	Results and Discussion 
	Conclusions 
	References

