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Enhanced Performance of Gallium-Based Wide Bandgap
Oxide Semiconductor Heterojunction Photodetector for
Solar-Blind Optical Communication via Oxygen Vacancy
Electrical Activity Modulation

Chao Wu, Tianli Zhao, Huaile He, Haizheng Hu, Zeng Liu, Shunli Wang,* Fabi Zhang,
Qinfeng Wang, Aiping Liu, Fengmin Wu,* and Daoyou Guo*

Gallium oxide (𝜷-Ga2O3) is a prominent representative of the new generation
of wide-bandgap semiconductors, boasting a bandgap of ≈4.9 eV. However,
the growth process of 𝜷-Ga2O3 materials introduces unavoidable oxygen
vacancies (Vo), leading to persistent photoconductivity (PPC), a phenomenon
that severely hinders device performance. In this study, an innovative
approach is successfully developed by introducing high p-orbital energy
nitrogen (N). This leads to the formation of a hybridized state with O 2p
orbitals in 𝜷-Ga2O3, resulting in the creation of GaON and suppressing the
electrical activity of Vo. Through meticulous experimentation and advanced
computational methods, a comprehensive and insightful explanation of the
regulation and mechanism underlying this passivation process is offered.
Moreover, pn-junction solar-blind photodetectors are engineered using
hybridized GaON thin films with p-type CuPc. These photodetectors
demonstrate exceptional characteristics, including ultra-low dark current
(10−14 A), high photo-to-dark current ratio (106), and rapid decay speed (0.008
s) even at zero bias. Based on these advancements, a solar-blind ultraviolet
communication system is designed, featuring straightforward and reliable
encoding, easy implementation, and robust anti-interference capabilities.
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1. Introduction

Solar-blind communication, operating
within the wavelength range of 200–280 nm
in the deep ultraviolet (DUV) spectrum,
represents a cutting-edge technique that
capitalizes on the utilization of ultraviolet
radiation for signal transmission via the
scattering and reflection phenomena in-
volving airborne particles and aerosols.[1–3]

Endowed with a plethora of distinctive
attributes, this novel approach exhibits
immense potential as a communication
technology for future applications. Unlike
conventional wireless communication,
which necessitates a clear communication
path between transmitters and receivers,
solar-blind communication employing UV
radiation effortlessly circumvents such
hindrances through the mechanisms of
scattering and reflection. Notably, the ab-
sorption of solar-blind radiation by ozone
and oxygen in the atmosphere results in

S. Wang
Changshan Research Institute
Zhejiang Sci-Tech University
Changshan 324200, China
F. Zhang
Guangxi Key Laboratory of Precision Navigation Technology and
Application
Guilin University of Electronic Technology
Guilin 541004, China
Q. Wang
Tiantong Holding Co., LTD
Haining 314400, China

Adv. Optical Mater. 2024, 12, 2302294 © 2024 Wiley-VCH GmbH2302294 (1 of 10)

http://www.advopticalmat.de
mailto:slwang@zstu.edu.cn
mailto:wfm@zstu.edu.cn
mailto:dyguo@zstu.edu.cn
https://doi.org/10.1002/adom.202302294
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202302294&domain=pdf&date_stamp=2024-01-15


www.advancedsciencenews.com www.advopticalmat.de

the establishment of a communication channel characterized by
low background noise in close proximity to the terrestrial surface.
In the absence of radio interference, solar-blind communication
emerges as a viable alternative to conventional wireless commu-
nication methodologies. Specifically designed for solar-blind op-
tical communication, photodetectors possess specialized sensi-
tivity to solar-blind light, ensuring efficient operation in challeng-
ing environments. Moreover, they boast desirable features such
as low dark current and rapid response speed, further enhanc-
ing their performance and reliability. As a result, photodetectors
stand as indispensable components within these communica-
tion systems, facilitating seamless and effective light-to-electrical
signal conversion.[4,5] At present, commercially available silicon-
based solar-blind photodetectors, while technologically mature,
still encounter several challenges. These include reliance on fil-
ters, limited penetration depth for high-energy ultraviolet pho-
tons, and reduced responsivity in the solar-blind region. Ga2O3
stands out as the most promising candidate for solar-blind pho-
todetector applications due to its ultra-wide bandgap (≈4.9 eV,
corresponding to the solar-blind region), well-established ma-
terial fabrication processes, and high stability.[6–10] Researchers
are striving to establish Ga2O3-based pn heterojunctions,[11,12]

nn heterojunctions,[13,14] phase junctions,[15,16] and Schottky
junctions[17,18] to enhance the solar-blind response performance.
However, during the material fabrication process, the unavoid-
able introduction of oxygen vacancy defects (Vo) leads to a sub-
stantial dark current (Idark) in the detectors and triggers persistent
photoconductivity (PPC), resulting in low detectivity and slow
response speed.[19,20] Consequently, these detectors fall short of
meeting the requirements for solar-blind communication appli-
cations. Therefore, there is a pressing need to develop meth-
ods that can effectively suppress vacancy-electrically-active effects
and bolster photodetector performance.

Despite some experimental methods aimed at suppressing Vo
in Ga2O3, an effective approach to fully shield their influence has
not yet been found. In the past, the regulation of Vo concentration
often relied on oxidation techniques, such as high-temperature
annealing in an oxygen atmosphere and strong oxidizing agent
treatment.[21–23] However, these methods only improved Vo on
the surface and near-surface of Ga2O3 materials and had lim-
ited effects on controlling Vo within the bulk. Hybridization of
band orbitals is an important approach to address the oxygen va-
cancy issue in oxide semiconductors. By introducing ions with
high p orbital energy levels that couple with the O 2p orbitals of
the oxide, it becomes possible to effectively shield impurity en-
ergy levels associated with oxygen vacancies and suppress their
electrical activity. Kim et al. tackled this challenge ingeniously by
introducing nitrogen into ZnO and capitalizing on the hybridiza-
tion between N 2p and O 2p orbitals, as well as their interac-
tion with metal d orbital electrons.[24,25] These modifications in-
duced a fundamental change in the energy band structure near
the valence band of ZnO, effectively mitigating the capture of
charge carriers by Vo deep-level defects and thus suppressing the
PPC effect in ZnO-based optoelectronic devices. In recent years,
with the increasing interest in Ga2O3 research, some reports have
emerged regarding its alloying with nitrogen anions.[26–30] How-
ever, the regulations governing Vo control and the underlying
physical mechanisms are still not well understood. Additionally,
the preparation of GaON continues to pose challenges, with cur-

rent reported methods exhibiting limitations. Plasma-enhanced
chemical vapor deposition (PECVD) stands out as a widely used
thin film deposition technique, leveraging a reactive environ-
ment generated by plasma to facilitate chemical reactions and
enable controlled film growth. This distinctive feature of PECVD
enables the deposition of films with customized properties, mak-
ing it especially well-suited for manufacturing advanced semi-
conductor devices with specific performance requirements.

Here, we performed a detailed characterization of Vo in Ga2O3
thin films using in situ etching X-ray photoelectron spectroscopy
(XPS) and discussed the PPC effect in heterojunction photode-
tectors. We synthesized GaON alloy thin films using the PECVD
method to suppress the electrical activity of internal oxygen va-
cancies. By adjusting the precursor ratios, we easily controlled
the composition, bandgap, and Vo in Ga2O3. Through the use
of well-established experimental and computational methods, we
investigated the mechanism of GaON’s ability to suppress oxy-
gen vacancy electrical activity and studied its detailed electrical
characteristics. In addition to that, we successfully engineered pn
junction solar-blind photodetectors utilizing hybridized GaON
thin films with p-type CuPc, showcasing exceptional character-
istics such as ultra-low dark current (10−14 A), high photo-to-
dark current ratio (106), and rapid decay speed (0.008 s) even at
zero bias. These advancements served as the basis for design-
ing a solar-blind ultraviolet communication system with user-
friendly and reliable encoding, straightforward implementation,
and robust anti-interference capabilities. Overall, our study’s in-
novative technique effectively addresses the long-standing chal-
lenge of passivating oxygen vacancy impurity levels, establishing
a strong groundwork for the application of gallium-based wide
bandgap oxide semiconductor photodetectors in solar-blind com-
munication systems and making a significant contribution to the
advancement of semiconductor technology in optoelectronic de-
vices.

2. Results and Discussion

This study showcases a Ga2O3-based heterojunction comprising
n-type 𝛽-Ga2O3 and p-type CuPc as shown in Figure 1a. CuPc
possesses captivating electrical and optical properties, rendering
it highly sought after for utilization in a broad range of electronic
and optoelectronic devices.[31–33] In our previous research, we
employed a straightforward solution-processing approach to
fabricate CuPc/𝛽-Ga2O3 pn junction photodetectors, which
demonstrated remarkable sensitivity.[34] Nevertheless, these pho-
todetectors suffer from a drawback in their real-time response
due to the PPC effect. As a result, the photocurrent typically
takes a considerable amount of time to return to its initial value
after the light source is turned off, rendering it unsuitable for
optical communications. So far, extensive research has been
conducted on the origin of the PPC effect in 𝛽-Ga2O3-based
photodetectors.[35–37] Two primary mechanisms have been pro-
posed to elucidate the dynamics of photocarriers under the PPC
effect (Figure 1b). The first mechanism is associated with intrin-
sic defect-induced trap states, with the Vo in 𝛽-Ga2O3 being the
main culprit introducing deep traps within the bandgap. Upon
exposure to light, the deep neutral Vo states are ionized into
shallow donor states Vo2+, liberating two electrons and leading to
an augmented photoconductivity. However, the neutralization of
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Figure 1. a) Schematic diagram of the heterojunction photodetector. b) Schematic diagram of the PPC effect. c) XRD results of S0-S4 films grown by
PECVD. d,e) UV–vis spectra and bandgap of S0–S4 films grown by PECVD. f) AFM-measured surface profiles of the S0, S1, and S3 samples (scanning
area is 4 × 4 μm2).

the Vo2+ states necessitate overcoming an energy barrier caused
by significant lattice relaxation. The second mechanism empha-
sizes the role of surface trap states. In metal oxides like 𝛽-Ga2O3,
the surface harbors a high density of trap states that facilitate
the separation of photogenerated electron-hole pairs. As a conse-
quence, trapped holes accumulate on the surface, contributing
to the observed PPC effect. By comprehending and addressing
these underlying mechanisms, researchers can enhance their
understanding of photoconductive behavior and devise strategies
to optimize the performance of 𝛽-Ga2O3-based photodetector.[38]

Here, we mainly use anionic alloy engineering to inhibit the
internal oxygen vacancy electrical activity. We employed PECVD

to synthesize GaON alloy thin films to hybridization between ni-
trogen 2p and oxygen 2p orbitals and of mitigating the electrical
activity of internal oxygen vacancies. By carefully manipulating
the growth conditions, we successfully minimized the presence
and impact of Vo within the material. The X-ray diffraction
(XRD) spectra of the samples grown by PECVD are displayed in
Figure 1c. The nitrogen flux was systematically varied from 0 to
20, 50, 100, and 150 SCCM, corresponding to the samples desig-
nated as S0, S1, S2, S3, and S4, respectively. All the samples ex-
hibit three prominent peaks at 18.8°, 38.2°, and 58.9°, which can
be attributed to the (2̄01), (4̄02), and (6̄03) crystallographic planes
of 𝛽-Ga2O3.[39,40] This indicates that GaON retains the 𝛽 phase
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Figure 2. a) Illustration of in-situ etching XPS measurement. b,c) O 1s XPS spectrum of sample S0 and S3, respectively. d) Band structure of S0 and S3.
e,f) Schematic diagrams of bandgap formation mechanisms in S1 and S3. g–i) Density of states (DOS) of GaON and Ga2O3 calculated using DFT.

structure even after nitrogen incorporation through the PECVD
process. With the increasing incorporation of nitrogen, the
diffraction peak of the (2̄01) plane undergoes a subtle blue shift,
and the surface lattice expands with the integration of nitrogen.
Notably, as the nitrogen flux increases from 0 to 100 SCCM, a con-
siderable red shift in the absorption edge is observed, as shown in
Figure 1d. The optical bandgap can be calculated from the extrap-
olation of the Tauc equation for allowed direct transitions:[41,42]

(𝛼h𝜈)2 = B ⋅
(
h𝜐 − Eg

)
(1)

where B is a constant, 𝛼 is the absorption coefficient, h is Planck’s
constant, n is the incident photon frequency, and Eg is the optical
bandgap. The bandgap of the five samples lies between 4.9 and
3.4 eV, indicating a range of optical properties resulting from the
varying nitrogen incorporation (Figure 1e). In Figure 1f, we can
observe the representative 3D atomic force microscopy (AFM)
images of samples S0, S1, and S3. The electron affinity difference
between oxygen and nitrogen plays a significant role in determin-

ing the bond strength between gallium and these elements.[43] As
a consequence, the bond between gallium and oxygen is more
energetically favorable and thermodynamically stable than the
bond between gallium and nitrogen, leading to lower thermal
stability of GaON. Initially, the Ga2O3 sample exhibited a high-
quality surface with a low surface roughness (Rq) of 2.44 nm.
However, upon the introduction of nitrogen, the thin film’s sur-
face displayed the formation of spike-like structures, indicating
noticeable changes in the film’s morphology. The characteristics
of samples S0 through S4 were encapsulated in Table S1, Sup-
porting Information.

To further investigate the changes in Vo defects within the
samples, XPS measurements were performed on different sam-
ples using in situ Ar+ sputtering, as depicted in Figure 2a.
Figure 2b,c displays the distribution of the O 1s peak after etch-
ing 40 nm of material from the S0 and S3 samples, revealing
two distinct components (I and II).[44,45] After the introduction of
nitrogen, the II peak, typically associated with Vo defects, expe-
rienced a significant reduction, indicating a substantial decrease
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in the Vo defects concentration. To further substantiate the XPS
findings, we employed solid-state laser Raman spectroscopy with
a wavelength of 532 nm (Figure S1, Supporting Information).
The Raman-active modes of 𝛽-Ga2O3 are conventionally catego-
rized into three frequency ranges: the low-frequency range be-
low 200 cm−¹, corresponding to the liberation and translation
of tetrahedron–octahedron chains; the frequency range between
200 and 500 cm−¹, linked to the deformation of GaO6 octahe-
dra; and the high-frequency range above 500 cm−¹, attributed
to the stretching and bending of GaO4 tetrahedra. Studies have
indicated that purely octahedral vibrations are exclusively gener-
ated by Ga translations, whereas tetrahedral vibrations arise from
the movement of oxygen atoms. The intensity of Raman modes
at 199.8 and 420.5 cm−¹ correlates with oxygen vacancy defects.
With an increasing number of oxygen vacancies, a heightened
likelihood of Ga release and translation is observed, resulting in
elevated intensities of the Raman peaks at 199.8 and 420.5 cm−¹.
Upon the introduction of nitrogen, S1 and S3 display lower Ra-
man peak intensities at 199.8 and 420.5 cm−¹ compared to S0, in-
dicating a reduction in oxygen vacancies. This observation aligns
seamlessly with XPS results. Photoluminescence measurements
were conducted on films deposited using different N/O flow rates
to investigate their oxygen vacancy defects. Figure S2, Supporting
Information illustrates the emission of the blue band photolu-
minescence peak at 432 and 487 nm, which could be attributed
to the recombination of a trapped hole in an acceptor with a
trapped electron in a donor, where the acceptor originates from
O2 vacancies in the GaON thin films. The photoluminescence
intensity of the GaON thin films with high N content (S1, S2,
and S3) was considerably lower than that of the films without
N content (S0). This disparity may be attributed to the presence
of oxygen vacancy density resulting from N incorporation. In or-
der to gain deeper insights into the underlying mechanism of Vo
changes, understanding the band alignment is of utmost impor-
tance. By comparing the XPS spectra of the valence band (VB)
levels (Figure S3, Supporting Information), it becomes possible
to determine the offset of the valence band maximum (VBM)
between GaON (S3) and Ga2O3 (S0). As depicted in Figure 2d,
with the O 1s core level as a reference, the valence band maxi-
mum (VBM) offset is measured to be 0.4 eV, signifying that the
VBM of the GaON is higher compared to Ga2O3. With the in-
troduction of nitrogen, the Ga2O3 material experiences signifi-
cant changes in its band structure. The hybridization of Ga 3d
and O 2p orbitals, along with the repulsive force of the N 2p
orbitals, causes the valence band maximum (VBM) to shift up-
ward and leads to a reduction in the bandgap of GaON. More-
over, the hybridization of N 2p and O 2p orbitals at the VBM ef-
fectively screens or deactivates the energy level of the neutral oxy-
gen vacancy, which closely aligns with the VBM (Figure 2e,f). To
further understand the impact of nitrogen incorporation on the
band structure of 𝛽-Ga2O3, we performed computational analy-
sis on the differences in density of states (DOS). The DOS re-
veals that the valence band of 𝛽-Ga2O3 is mainly composed of O
2p states (Figure 2g–i). However, when nitrogen atoms replace
oxygen atoms and form GaON in 𝛽-Ga2O3, new VBM states are
formed through the hybridization of N 2p and O 2p states. Due
to the higher energy level of N 2p states, the new VBM is sig-
nificantly elevated, which is consistent with our experimental
results.

In order to investigate the effects of oxygen vacancy electri-
cal activity modulation on the photodetection performance, pn
junction photodetectors based on CuPc and gallium-based wide
bandgap oxide semiconductor films were fabricated and studied
systematically. The photodetectors labeled as S0, S1, and S3 refer
to the photodetectors fabricated using thin films of S0, S1, and
S3, respectively. The typical I–V characteristics of S0, S1, and S3
samples are shown in Figure 3a–c. Under dark conditions, the
dark current of different samples exhibits significant variations,
while the photocurrent remains almost unchanged under solar-
blind UV illumination. The S0 sample shows a high leakage cur-
rent, which is associated with the abundance of Vo within the
𝛽-Ga2O3 film. However, as the amount of nitrogen in the sam-
ple increases, the dark current (Idark) decreases. The S3 device
exhibits 102 times lower Idark (10−11 A at 5 V) than that of the
S0 device. Furthermore, the Idark of the S3 device at 0 V remains
at an extremely low level of about 1014 A. This low Idark can be
attributed to the reduction in defect concentration. The combi-
nation of high photocurrent (Iphoto) and low Idark results in an
impressive photo-to-dark current ratio (PDCR) in the device. No-
tably, sample S3 exhibits an exceptionally high PDCR of 2.7 × 106

at 0 V bias. However, upon introduction of N2 with a flux of 150
sccm (S4), the dark current of the sample actually increases (10−9

A at 5 V). This is because the introduction of excessive nitrogen
leads to other defects (Figures S4 and S5, Supporting Informa-
tion). To assess the impact of anion engineering on the repeatabil-
ity and response speed of the photodetector, we conducted time-
dependent photoresponse characterization. By subjecting the de-
vices to periodic on/off light switching, we repetitively stimulated
the currents of each device (at 0 V, as shown in Figure 3d–f, and
at 10 V, as shown in Figure S6, Supporting Information) without
any noticeable degradation during the investigated cycles. This
observation emphasizes the stable and reliable performance of
the devices under such repetitive photoactivation, making them
highly promising for practical applications. However, in the case
of the S0 photodetector, a prolonged tail is observed during the
decay process, indicating a PPC effect. This effect is linked to
the abundance of Vo defects in the S0 film, leading to significant
trapping/detrapping processes of charge carriers and prolonging
the device recovery time before responding to the next stimulus.
We employed an exponential function to fit and calculate the re-
sponse time. The results reveal that the decay time of S0 is sig-
nificantly longer than 0.21 s, while the S1 and S3 devices exhibit
decay times of 0.01 and 0.008 s, respectively (Figure 3g–i). The
swift response speed of the S3 photodetector can be attributed
to the suppression of deep-level traps associated with Vo. From
the spectral response characteristics depicted in Figure 3j–l, it is
evident that all devices exhibit remarkable sensitivity in the solar-
blind region. To assess the photodetector quantitively, responsiv-
ity (R), and detectivity (D) is introduced. As shown in Figures S7
and S8, Supporting Information, under a 100 μW cm−2 254 nm
light, the largest R values of S0 and S3 photodetector reached 0.61
and 0.79 mA W−1, respectively. The largest D values of S0 and S3
photodetector reached 0.35 × 1012 and 1.41 × 1013 Jones, respec-
tively. Based on the comprehensive analysis, the photodetector
developed in this study showcases outstanding performance in
multiple aspects. Particularly, it boasts an ultra-low dark current,
high detectivity, and rapid response speed, making it a truly ex-
ceptional device (Table 1).
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Figure 3. a–c) Log scale I–V curves of the S0, S1, and S3 photodetectors measured in the dark and under 254 nm UV illumination, respectively. d–f) The
I–t curves of S0, S1, and S3 photodetectors measured at 0 V bias, respectively. g–i) The normalized spectral responsivity of S0, S1, and S3 photodetectors
measured at 0 V bias, respectively. j–l) Response speed of S0, S1, and S3 photodetectors measured at 0 V bias, respectively.

Figure 4 illustrates the carrier transport mechanism in an S3
photodetector under different bias conditions using energy band
diagrams. Figure 4a shows the energy band diagram before the
formation of the heterojunction. When GaON and CuPc come
into contact, carrier diffusion generates an inherent electric field,
leading to the formation of a potential barrier that restricts the
diffusion of electrons and holes, as depicted in Figure 4b. Un-
der forward bias, the applied electric field reduces the potential
barrier between GaON and CuPc by suppressing the inherent

electric field. This facilitates the movement of electrons in GaON
and holes in CuPc, allowing them to overcome the potential bar-
rier Figure 4c. Conversely, under reverse bias (Figure 4d), mi-
nority carriers are driven by the external electric field, resulting
in a small negative current. Under short-wavelength light, pho-
togenerated electron-hole pairs near the GaON/CuPc depletion
layer are separated by the built-in electric field and efficiently
collected at the electrode at zero bias (Figure 4e). Nevertheless,
electron–hole pairs separated under forward bias and reverse bias
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Table 1. The parameters comparison of heterojunction photodetectors
based on Ga2O3 from previous works and this work at zero bias.

Junction Idark [A] PDCR 𝜏d [s] R [mA W−1] D [Jones] Ref.

Ga2O3/ZnO – 127 0.27 0.76 – [46]

𝛼/𝛾- Ga2O3 10−9 127 1.63 0.26 2.8 × 109 [47]

Ga2O3/NiO 10−9 122 3.65 0.05 5.5 × 109 [48]

Ga2O3/Diamond 10−9 31 – 0.2 6.9 × 109 [49]

Ga2O3/CuI 10−12 103 0.028 8.46 7.7 × 1011 [50]

Ga2O3/MoS2 10−12 670 – 2.05 1.2 × 1011 [51]

Ga2O3/PEDOT 10−13 104 0.003 2.6 2.2 × 1013 [52]

𝛼/𝛾- Ga2O3 10−9 51 0.1 0.17 – [53]

Ga2O3/CuPC 10−12 104 0.21 0.61 0.3 × 1012 This work

GaON/CuPC 10−14 106 0.008 0.79 1.4 × 1013 This work

are shown in Figure 4f,g, respectively. These insights shed light
on the intricate behavior of the photodetector under various bias
conditions, providing a deeper understanding of its operating
principles. This knowledge can facilitate the optimization of the
photodetector’s performance for specific applications.

Finally, we propose a streamlined framework for a solar-blind
ultraviolet communication system, consisting of a transmitter,
atmospheric channel, and receiver. At the transmitter, the orig-
inal information is sent from the serial port to the Field Pro-
grammable Gate Array (FPGA) board, where it undergoes modu-
lation and encoding by multiplying it with the carrier signal. This

modulated signal is then output through the pins of the FPGA
board, controlling the on and off states of the 254 nm ultraviolet
LED. After traveling a certain distance, the information reaches
the receiver through the atmospheric channel. At the receiver, the
GaON/CuPc heterojunction photodetector serves as the light re-
ceiver, converting the optical signal into an analog pulse. Utiliz-
ing internal algorithms within the detector, the analog signal is
directly transformed into a digital signal. These digital signals un-
dergo various digital processing steps, such as filtering, symbol
synchronization, and decision-making. Subsequently, they are
sent via the serial port to a personal computer at the receiving
end, thereby completing the information communication pro-
cess, as illustrated in Figure 5a. When the 254 nm LED light emits
an optical pulse, it represents signal 1, and the detector registers
a higher light intensity. On the other hand, when the LED light
does not emit any optical pulse, it represents signal 0, and the
photodetector detects no light intensity. By setting the size of win-
dow, we can continuously monitor the real-time light intensity
(with each new light intensity value detected, it enters the win-
dow at the end, displacing the oldest value in a cyclic manner). We
then compute the threshold by calculating the weighted average
of all the light intensity values within the window. Comparing the
light intensity values at each moment within the window with the
threshold allows us to determine the binary information, which
is then stored in matrix, facilitating signal analog-to-digital con-
version. The flowchart outlining the designed binary threshold
algorithm is presented in Table S2, Supporting Information. To
assess the algorithm’s performance, we conducted an alignment
of the detector with the horizontal position of the ultraviolet LED,

Figure 4. Schematic energy band diagrams of the S3 heterojunction. a) Before contact. b–d) Dark conditions (after contact) under 0 V bias, forward bias
and reverse bias, respectively. e–g) UV illumination (after contact) under 0 V bias, forward bias, and reverse bias, respectively.
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Figure 5. a) Schematic diagram of the solar-blind optical communication system. b) Received signal waveform diagram. c) The decode procedure of
the photodetector used in optical communication according to ZSTU ASCII codes.

resulting in the data signal waveform depicted in Figure 5b. The
purple curve represents the light intensity signal received by the
detector, while the red curve represents the binary signal after
undergoing algorithmic processing. Through the application of
the binary threshold algorithm, the previously complex light in-
tensity signal is efficiently converted into a readily manageable
binary signal. By cross-referencing an ASCII to binary code con-
version table, we determined that the binary codes for ZSTU are
respectively represented as 0111_1010, 0111_0011, 0111_0100,
0111_0101. After undergoing meticulous demodulation process-
ing, the system yields the precise baseband signal, as depicted in
Figure 5c. As a consequence, it holds vast potential for extensive
applications in diverse domains, encompassing military opera-
tions, non-line-of-sight communications, and other prospective
fields.

3. Conclusion

In this work, we employed PECVD to synthesize GaON alloy thin
films to hybridization between nitrogen 2p and oxygen 2p or-
bitals and of mitigating the electrical activity of internal oxygen
vacancies. By carefully manipulating the growth conditions, we
successfully minimized the presence and impact of oxygen va-
cancies within the material. XPS measurement and DFT calcu-
lation results shows that upon the introduction of nitrogen, the

hybridization of Ga 3d and O 2p orbitals, along with the repulsive
force of the N 2p orbitals, causes the VBM to shift upward and
reduces the bandgap of the GaON material. Simultaneously, the
energy level of the neutral oxygen vacancy, which closely aligns
with the VBM, gets effectively screened or deactivated through
the hybridization of N 2p and O 2p orbitals at the VBM. Owing to
the suppression of PPC effect, the GaON/CuPc heterojunction-
based photodetectors demonstrate low dark current, high photo-
to-dark current ratio, and rapid decay speed. This significant ad-
vancement contributes to the progress of semiconductor technol-
ogy in optoelectronic devices and offers promising opportunities
for further advancements in the field.

4. Experimental Section
Film Fabrication and Characterization: Ga2O3 and GaON films were

deposited on c-Al2O3 substrates using a PECVD system (Model: BTF-
1200C-PECVD-500A, purchased from Anhui BEQ Equipment Technology
Co., Ltd.). The c-Al2O3 substrate wafers were initially cleaned with ace-
tone, ethanol, and deionized water to remove organic contaminants. The
sources for N, O, and Ga were N2, O2, and high-purity metal Ga, respec-
tively. The deposition process was carried out under controlled conditions,
with a constant RF power of 200 W, an argon flux of 80 SCCM, an oxygen
flux of 5 SCCM, and a growth temperature of 850 °C. To investigate the in-
fluence of N2 flux on film properties, the N2 flux was systematically varied

Adv. Optical Mater. 2024, 12, 2302294 © 2024 Wiley-VCH GmbH2302294 (8 of 10)
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from 0 to 20, 50, 100, and150 SCCM, corresponding to the samples des-
ignated as S0, S1, S2, S3, and S4, respectively. X-ray diffraction (XRD) and
X-ray photoelectron spectroscopy (XPS) measurements were conducted
using D8 Discover and K-Alpha instruments, respectively. To understand
the bonding conditions of the as-grown films, XPS measurements were
performed on different samples with varying durations of in-situ Ar+ sput-
tering. Absorption spectra were acquired using a UV–vis spectrophotome-
ter (Hitachi U-3900UV). The morphology of the films was characterized
using an atomic force microscope (AFM, XE-100E).

Device Fabrication: In the uncovered regions of the S0, S1, and S3 sam-
ple films, the spin-coating technique was employed to fabricate nanoscale-
thick pn junctions using p-type CuPc. The CuPc solution concentration was
set at 10 mg mL−1, and the spin-coated films were carefully dried at a tem-
perature of 100 °C. Subsequently, Ti/Au test electrodes were meticulously
formed on the S0, S1, and S3 samples using magnetron sputtering, while
Au test electrodes were skillfully prepared on the CuPc film. Rigorous mea-
surements were carried out using KEITHLEY 4200, 2400, and 6487 for I–V
and I–t characteristics measurements. Additionally, a spectral measure-
ment system was employed to conduct wavelength-dependent photore-
sponse tests.

Development of a Solar-Blind Communication System: The transmitting
end of the system mainly consisted of a transmitting terminal personal
computer (PC), FPGA, driver circuit, and deep UV LED light source. At
the transmitting end, the raw information was sent from the TX-PC to the
FPGA board through the serial port and was multiplied with the carrier
signal to generate the modulated encoded signal on the FPGA board. This
signal was output through the pins of the FPGA board to the driver circuit,
which controls the on–off state of the 254 nm ultraviolet LED light. The
electrical signal was then converted into an optical signal and transmit-
ted into the free atmosphere through the ultraviolet LED light. The main
chip used in the driver circuit of the transmitting end was the AD8001AN
operational amplifier. The XILINX company’s ARTIX-7 series XC7A100T
chip development board was used to implement the system’s digital sig-
nal processing. To test the performance of the modulation module, data
transmission between the transmitting end PC and the FPGA board was
achieved through a USB data cable. An oscilloscope was used to test the
waveform of the output signal from the FPGA at the transmitting end. Af-
ter powering up the FPGA development board, the transmitting end code
was downloaded to the board via the JTAG cable, and the raw data was
sent using the serial debugging assistant. The serial port parameters of
the computer were set as follows: baud rate is 115 200 B s−1, no parity bit,
data bits were 8 bits, and stop bits were 1 bit.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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