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Traditional optical communication using single narrow-band photodetectors (PDs) has poor
confidentiality because all information and data are exposed to free space. With the development of
science and technology, even the optical communication in the solar-blind ultraviolet (UV) band carries
the risk of eavesdropping. Dual-band PDs have potential applications in secure and reliable optical
communication through a combination of optical encryption and algorithmic encryption. In this paper,
self-powered Cu,0O/Ga,Osz heterojunction PDs with solar-blind UV-visible photodetection were
fabricated. By adjusting the pH value of the Cu,O electrolyte, the crystallization quality and grain
orientation of the Cu,O thin film were improved, and the interface transfer resistance of the
heterojunctions was decreased. The Cu,0O/Ga,Oz PDs fabricated in Cu,O electrolyte with a pH value of
9.5 demonstrated the optimized solar-blind UV-visible photoresponse characteristics. In the absence of
applied bias, the device exhibited a responsivity of 0.12 mA W™, a rise time of 2.48 ms and a fall time
of 11.72 ms at 254 nm. The responsivity reaches 19 mA W~ when illuminated at 475 nm, and the rise and fall

Received 11th March 2024, times are 0.96 and 9.12 ms, respectively. Utilizing the excellent photoresponse characteristics of the solar-

Accepted 22nd May 2024 blind UV-visible band, the device was used to design and demonstrate a proof-of-concept optical
DOI: 10.1039/d4tc00965g communication system for secure data transmission. The proposed system features two independent light
channels, utilizing solar-blind UV light as the information carrier and visible light for key transmission. By

rsc.li/materials-c implementing specific algorithms, this design ensures safe and reliable communication.

communication.**® Compared with the combination of multi-

band PDs and line-array multi-band PDs, the PDs that achieve

1. Introduction

Single narrow-band photodetectors (PDs) cannot meet the
requirements of high-precision target detection and informa-
tion recognition. The dual-band and multi-band PDs can utilize
the difference of photoresponse characteristics in the bands to
realize mutual verification and mutual compensation of infor-
mation, and then improve the accuracy, precision and safety of
data. Among the dual-band PDs including visible-near-
infrared,’™ UV-near-infrared,*® blue-red,® near-infrared-short
infrared,” and UV-visible,®™° UV-visible dual-band PDs are
widely used in flame detection, memory storage and secure

“ Tianjin Key Laboratory of Quantum Optics and Intelligent Photonics, School of
Science, Tianjin University of Technology, Tianjin 300384, China.
E-mail: xjp0335@163.com

b School of Materials Science and Engineering, Key Laboratory of Display Materials
and Photoelectric Devices, Ministry of Education, and Tianjin Key Laboratory for
Photoelectric Materials and Devices, Tianjin University of Technology, Tianjin
300384, China. E-mail: lilan2000us@126.com

¢ School of Science, Tianjin University of Technology and Education, Tianjin
300222, China

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4tc00965g

8944 | J Mater. Chem. C, 2024, 12, 8944-895]

dual-band or even multi-band detection through a single device
have the advantages of simple structure and reduced interfer-
ence. The earliest multi-band single PDs were fabricated using
quantum well materials utilizing the sub-band transition
formed in the conduction band of doped quantum wells.
Devices such as two-color PDs with a GaAlAs/GaAs quantum
well structure have advantages such as flexible wavelength
control and a simple preparation method.'”” The emerging
heterojunction PDs constructed using semiconductors with
light absorption in different wavelength bands can realize
dual-band or multi-band detection. For example, Wang et al.
fabricated PDs based on MoS,/Si heterojunctions demonstrat-
ing a photoresponse band from the visible to infrared region."®
He et al. constructed the UV-infrared PDs based on -Ga,03;/BP
heterojunctions.’

The direct ultra-wide bandgap Ga,O; semiconductor
material has a large optical absorption coefficient in the solar-
blind UV band, good thermal stability and high breakdown
voltage resistance, making it one of the preferred materials for
solar-blind UV detectors."”>' A Ga,O; thin film is generally
polycrystalline. Many grain boundaries in Ga,0; have a strong

This journal is © The Royal Society of Chemistry 2024
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scattering and blocking effect on carrier transport, resulting in
the decrease of photocurrent and responsivity of Ga,O; PDs.
Some strategies have been proposed to solve this problem from
the perspectives of the crystalline quality and the control of
crystal plane orientation of Ga,0;. Some studies have reported
an improvement in the device performance by preparing ordered
Ga,0; nanostructures. The ordered nanorod arrays (NRs) can
serve as trapping structures to enhance the light absorption,
form interfaces for the separation of photogenerated charge
carriers, and provide directional paths to promote carrier
transmission.”** In order to achieve the photoresponse char-
acteristics in the solar-blind UV-visible band for Ga,O; based
PDs, Ga,0; is usually compounded with a semiconductor with
strong visible light absorption to construct heterojunction PDs,
such as Ga,0;/Au/MAPbBr; sandwich structure PDs?® and
Ga,0;/CuSCN core-shell structure PDs."" Due to a strong absorp-
tion in the visible region, simple preparation and easy control of
the crystal phase, Cu,O is suitable to construct the visible light
PDs. The composite of Cu,O and Ga,0; can produce heterojunc-
tion PDs with photoresponse characteristics in the solar-blind
UV-visible band.

The light absorption coefficient and carriers transport cap-
ability of Cu,O films are closely related to crystallization and
grain orientation, which are key factors that determine the
photoelectric characteristics of the device.?” The electrochemical
deposition conditions such as the electrolyte substances,
concentration and pH value, deposition temperature, time,
and current density or voltage can affect the morphology and
crystallization of Cu,O films. Herein, Cu,O thin films were
electrochemical deposited on Ga,O; NRs. The morphology and
crystal plane orientation of Cu,O crystals was regulated by
controlling the pH value of the electrolyte. The self-powered
photoresponse characteristics of Cu,0/Ga,0; heterojunction
PDs in the solar-blind UV-visible band were investigated. The
self-powered photoresponse characteristics have been elaborated
based on the interface contact and optoelectronic properties of
Cu,0/Ga,0; heterojunctions. The PDs have been designed and
demonstrated a proof-of-concept optical encryption communica-
tion system for secure data transmission utilizing the solar-blind
UV light as an information carrier and visible light for key
transmission.

2. Results and discussion

2.1 Morphology, crystal structure and optical properties of
Cu,0/Ga,0; heterojunctions

Fig. 1 shows SEM images of Ga,0; and Cu,O films deposited on
Ga,0; with electrolyte solution of different pH values. As can be
seen from Fig. 1(a), Ga,0; nanorods grow vertically on the FTO
substrate with diamond-shaped end faces, a long diagonal
length of 100-200 nm and an average length of about
660 nm. The diamond shaped end face is not detected after
Cu,O deposition, and pyramid shaped Cu,O particles form a
continuous and dense film.”® EDS results of top view and
profile view in Fig. S1 (ESI{) suggested that the elements Ga,
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Fig. 1 The top-view and cross-sectional view of SEM images of (a) Ga,Os3
NRs and (b) Cu,O(9)/Ga,0s3, (c) Cu,O(9.5)/Ga,Oz and (d) Cu,O(10.5)/
GaOs.

O and Cu are uniformly distributed throughout the film,
indicating that Cu,O grows on the top and side walls of
Ga,0; nanorods. With the increase of electrolyte pH of Cu,O,
the pyramid-shaped particles of Cu,O thin films are trans-
formed from tetrahedron to trihedron. Cu,0(9) and Cu,0(9.5)
thin films are quadrangular pyramids, and the distribution of
the particle size becomes more uniform with the increased pH
value, whereas the particles of Cu,0(10) film demonstrate
tetrahedral and trihedral pyramid shapes. The pH value of
the deposition solution can affect the growth rate of Cu,O
crystals on different crystalline surfaces, and then affects the
orientation of the crystal structure of the film and the particle
shapes. The oxygen atom density of the Cu,O (111) crystalline
surface is greater than that of the (200) crystalline surface. The
electrolytes with smaller pH provide fewer oxygen atoms, which
facilitates the rapid growth of the (200) crystalline surface with
tetrahedral pyramid shapes. With the increase of the electrolyte
pH value, the growth rate of the (111) crystalline surface with
higher oxygen atom density gradually exceeds that of the (200)
crystalline surface.”® Therefore, particles of the Cu,O(10) film
show trihedral pyramid shapes and tetrahedral pyramid
shapes. The SEM profiles demonstrate that the thickness of
the Cu,0/Ga,0; film increases with the increase of the electro-
Iytic pH of Cu,O. The thickness of the Ga,O3; nanorod film is
about 660 nm, and that of the Cu,0/Ga,0; film is 680, 730 and
810 nm for Cu,0(9)/Ga,03, Cu,0(9.5)/Ga,03; and Cu,0(10.5)/
Ga,0;, respectively. Increase of electrolytic pH of Cu,O is
favorable to accelerate the deposition of Cu,O particles.

Fig. 2(a) shows XRD spectra of Ga,O; and Cu,O films
deposited on Ga,0; with different pH electrolyte solutions.
In the XRD patterns of Ga,03, the stronger diffraction peak at
36° is attributed to the o-Ga,O; (110) crystal plane of
corundum-type structure. No peaks of the other phase were
found except for the diffraction peaks originated from the FTO
substrate.*® After the electrochemical deposition of Cu,O thin
films on Ga,0; substrate, Ga,O; retains a corundum-type
structure and presents a (110) crystal plane diffraction peak.
The (110), (111), (200) and (311) crystal plane diffraction peaks
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Fig. 2 (a) XRD patterns for Cu,0O/Ga,O3 with Cu,O prepared at different
pH values. (b) XPS spectra of O 1s and Ga 3d for Ga,Os. (c) XPS spectra of
Cu 2p for Cu,O prepared at different pH values. (d) VB spectra and UPS
spectra for Ga,O3z and Cu,O prepared at different pH values. (e) UV-vis
absorption spectra for Ga,Oz and Cu,0/Ga,Oz with Cu,O prepared at
different pH values. (f) EIS curves for Cu,O/Ga,Oz with Cu,O prepared at
different pH values.

of Cu,O were observed at 29.6°, 36.5°, 42.4° and 73.6°, while no
other phases of Cu and Cu,O were found.>"** With the increase
of Cu,O electrolyte pH, the crystal diffraction intensity of the
main diffraction peak (200) of Cu,O increases, and the (111)
crystal diffraction peak of Cu,0(10) is significantly enhanced
compared to the other films, which correlates with the trihedral
pyramidal shapes of Cu,O particles.

The valence states of the elements in Ga,O; and Cu,0/Ga,0;
were analysed using XPS spectroscopy. Fig. 2(b) shows the XPS
spectra of Ga 3d and O 1s of Ga,03, and the Ga 3d peak
corresponds to a binding energy of 20 eV, which is consistent
with the results reported in the literature.** The peak shape of
O1s is asymmetric and can be fitted to two peaks at 530.4 (Oy)
and 531.9 eV (Oy), where Oy is related to oxygen ions in the
lattice and Oy is related to oxygen vacancies.**® Fig. 2(c) shows
the XPS spectra of Cu 2p for Cu,O films deposited on Ga,0;
substrates with different pH electrolytes. Upon fitting, the
peaks related to Cu 2pz, and Cu 2p,/, of Cu’ appeared at the
binding energies of 932.4 and 952.3 eV, and peaks related to
Cu*" appeared at 934.5 and 954.7 eV, which is due to the
oxidation of Cu,O films in air.*® Combined with the Auger
spectrum of Cu in Fig. S2 (ESIt), Cu mainly exists in the form of
Cu" in Cu,O films.

The band structure of Ga,O; and Cu,O electrons was ana-
lyzed by using UPS valence band (VB) spectra of Fig. 2(d).
Through the linear extrapolation of the cut-off edge of the Au
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standard sample in the low energy region, it is calculated that
the Fermi level (Er) is —7.96 eV under the bias of —10 V. The Eg
values of Ga,0O; and Cu,O are calculated using the semicon-
ductor work function formula @ = (Ecyof — Ep) — 21.22, in
which the cutoff energy (E.u.ofr) can be linearly extrapolated
from the cutoff edge of the high energy region. The E.y.of for
Ga,0; and Cu,O are —8.58 and —7.06 eV, respectively. The
calculated Er are —4.69 and —6.2 eV for Ga,O; and Cu,O,
respectively. The energy difference between the Er and the
valence band maximum (VBM) of Ga,0O; and Cu,O can be
analyzed by the intersection of the tangent line at the max-
imum of the slope and the line along the outer edge of the
baseline, which are 2.88, 0.11, 0.07 and 0.09 eV for Ga,O;,
Cu,0(9), Cu,0(9.5) and Cu,0(10), respectively. Combining the
optical band gap energies of Ga,0; (4.61 eV) and Cu,O (2.07 eV)
calculated from diffuse reflectance spectroscopy (Fig. S4, ESIT),
the position of Ep relative to vacuum energy levels can be
obtained. The Ep position of Ga,0O; is far from the VBM,
indicating that Ga,0; is an n-type semiconductor, whereas
the Er position of Cu,O is close to the VBM, suggesting that
Cu,0 is a p-type semiconductor. The UV-vis absorption spectra
of Fig. 2(e) shows that Ga,O; has a strong optical absorption in
the deep UV region less than 250 nm, and the absorption edge
is broadened to about 298 nm, which is related to the deep-level
oxygen vacancy defect in Ga,0;.*”*® Cu,0/Ga,0; has strong
optical absorption from the solar-blind UV to the blue light
region, indicating that the composite material can be used for
solar-blind UV-visible light detection.

Electrochemical impedance spectroscopy (EIS) can reflect
the characteristics of charge transfer at the interface of semi-
conductor materials. The EIS curves of Cu,0/Ga,0; tested at
open-circuit voltage and frequency in the range of 0.1-10° Hz
are given in Fig. 2(f). The radius of the semicircle in the Nyquist
plot is related to the interfacial charge transfer process.*® The
size of the radius of the semicircle located in the low-frequency
region is related to the charge transfer between Cu,O and the
electrolyte, and the radius of the semicircle located in the high-
frequency region is related to the charge transfer at the Cu,0/
Ga,0; heterojunction interface. With the increase of Cu,O
electrolyte pH, the radius of the Cu,0/Ga,O; heterojunction
semicircle firstly decreases and then increases, indicating the
interfacial transfer resistance of Cu,0(9.5)/Ga,0Oj3 is the smal-
lest, which is favorable for the transfer of photogenerated
carriers.

2.2 Self-powered photoresponse characteristics of Cu,O/
Ga,0; heterojunction PDs

Fig. 3(a) shows a schematic diagram of the PD structure of
Cu,0/Ga,0; PDs, where Cu,O particles are distributed on the
top and sidewalls of Ga,O; nanorod arrays, and FTO and Au are
used as the bottom and top electrodes, respectively. Fig. 3(b)-
(d) and Fig. S5 (ESIt) show the I-V curves of Cu,0/Ga,O3
heterojunction PDs prepared by Cu,O electrolyte with different
pH in the dark state, solar-blind UV light 254, 265 525, 550 and
660 nm illuminations. All PDs show obvious photosensitive
characteristics and have photovoltaic effect under solar-blind

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4tc00965g

Published on 22 May 2024. Downloaded on 1/28/2026 10:36:48 AM.

Pa per
(b) 60 |Cu:00)Ga;0;
—=—dark  —=—254 hm
40 | 265 nm ——275m
&‘ =310 nm = 365 hm
2 —=— 420 nm —=— 475 hm
< 20 {525 nm—=—550 im
S —=— 660 nm
E oo
=3
o
20
-40
1.0 0.5 0.0 05 1.0
Voltage (V)
60
(©) , [cw005160, (d) Cu,0(10.5)/Ga,0,
—s=—dark —=—254 hm —s—dark —=—254 hm
40 |~ 265 nm —=—275 hm 40 1—.— 265 nm —=— 275 hm
< —=—310 nm —=— 365 im < —— 310 nm —=— 365 im
3P 420 nm —=— 475 hm 2 20 =420 nm—=—475m
= —=— 525 nm —=— 550 = —=— 525 nm —=— 550 hm
S o l= H —+— 660 Nm
£ g o
8 -20 o
20
-40
1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Voltage (V) Voltage (V)

Fig. 3 (a) Schematic diagram of the PD structure of Cu,O/Ga,O3z PDs.
Dark-state and different wavelengths light illuminations /-V curves for (b)
Cu,0(9)/Ga,03 PDs, (c) Cu,0O(9.5)/Ga,O3 PDs and (d) Cu,0(10.5)/Ga,0s3
PDs under an optical power density of 4 mW cm~2 illumination.

UV, UV and visible illuminations, indicating that the PD can
realize photodetection in the solar-blind UV-visible region
under the condition of self-driving without an external
electric field.

Fig. 4 shows the I-¢ curves of the Cu,0/Ga,0; heterojunction
PDs under monochromatic light from solar-blind UV to visible
range without external bias. All PDs can demonstrate the self-
powered photoresponse in solar-blind UV-visible region with
good repeatability and stability under the light switching. The
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Fig. 4 /-t cycling curves at zero bias for Cu,0/Ga,O3 heterojunction PDs
with Cu,O at different pH values under (a) 254, (b) 265, (c) 365, (d) 475, (e)
550 and (f) 660 nm illuminations with P = 4 mW cm™2.
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largest photocurrent is obtained under 475 nm light for all the
PDs. The Cu,0(9.5)/Ga,O; PD exhibits an optimized photo-
current under the monochromatic light irradiation compared
to other PDs. As revealed from the absorption spectra of Cu,0O/
Ga,0; heterojunctions, the photocurrent of the PD in the solar-
blind UV band is mainly contributed by photogenerated car-
riers in Ga,O3 NRs, and that in UV and visible bands is mainly
originated from the photogenerated carriers in Cu,O films. The
photoresponse time is an important parameter to evaluate the
performance of PDs. Fig. S7 (ESIT) shows the photoresponse
time of heterojunction PDs with different pH values of Cu,O
electrolyte solution under 254 and 475 nm illuminations. The
photoresponse time of the PDs is in the order of millisecond.
The rise time 7,45, under illumination is shorter than the decay
time tgecay Of photocurrent after the light is turned off. The 7.
and Tgecay Of Cu,0(9.5)/Ga,0O; PD are the shortest and the
photoresponse speed is the fastest. Table S1 (ESIt) lists the
comparison of the photoresponse time of our Cu,0(9.5)/Ga,03
PD and other Ga,0O; based PDs. The Cu,0/Ga,O; PD in this
work shows a relatively fast photoresponse time.

Fig. 5(a)-(d) shows the responsivity (R), detectivity (D*),
sensitivity (S) and linear dynamic range (LDR) of all PDs under
different illumination wavelengths from the solar-blind UV to
visible range under self-powered conditions. The PDs have
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Fig. 5 Performance parameters of (a) R, (b) D*, (c) S and (d) LDR of Cu,O/
Ga,0O3 heterojunction PDs with Cu,O prepared at different pH values at
0 V bias voltage under solar-blind UV, UV and visible light illuminations
with 4 mW cm™2 optical power density. Photocurrent under (e) 254 and (f)
475 nm illuminations of Cu,O/Ga,Os heterojunction PDs at different
optical power densities.
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photoresponse characteristics in the illumination range of 254-
660 nm. The parameters of the PDs firstly increase and then
decrease with the increase of light wavelength, reaching the
optimal values at 475 nm. The LDR of Cu,0/Ga,0; heterojunc-
tion PDs is greater than 3 dB in both UV and visible light, which
can meet the commercial standard for optical communication.

Fig. 5(e) and (f) show the curves of the relationship between
photocurrent and optical power density of Cu,0/Ga,O; hetero-
junction PDs under solar-blind UV 254 nm and visible 475 nm
illumination without applied voltage, respectively. The photo-
current of the heterojunction PDs increases with increasing
light density, and the heterojunction produce more photogen-
erated carriers when illuminated by incident light of high
optical power density. The nonlinear relationship between the
photocurrent (Ip) of a PD and the optical power density (P) can
be expressed by a power function I, = AP’. A is a constant at a
specific wavelength, and 0 is related to the kinetic processes of
photogenerated carriers including photogenerated carrier pro-
duction, separation, capture, and complexation. Usually 0 <
0 < 1, the closer the 0 value is to 1, the more the photogen-
erated carriers contribute to the photocurrent.*® The Cu,0(9.5)/
Ga,0; PD derives the highest 0 values, which are 0.744 and
0.928 at 254 and 475 nm, respectively. The 0 values of the Cu,O/
Ga,0; heterojunction PDs during visible light irradiation are
larger than those under solar-blind UV illuminations, indicat-
ing higher photoelectric conversion efficiency for the hetero-
junction under the visible light illuminations.*'~*°

To further analyse the relationship between the self-powered
photoresponse characteristics of the PDs and the energy band
structure of the heterojunction, the information of the energy
band structure based on the XPS, UPS and diffuse reflectance
spectroscopy measurements are shown in Fig. 6. Considering
that the Fermi level position of Ga,0O; is higher than that of
Cu,0, the energy band of Ga,O; bends upwards and that of
Cu,O bends downwards at the interface after the both
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Fig. 6 Energy band structures of Ga,O3z and Cu,O prepared at different
pH values (a) before and (b) contact. The schematic diagram of carrier
transport of Cu,O/Ga,Os heterojunction under (c) 254 (d) 475 nm
illuminations.
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semiconductors come into contact and reach thermal equili-
brium, forming a barrier region of Ga,0O; electrons at the
interface. When illuminated at 254 nm, the electrons on the
valence band of Ga,0; and Cu,O are excited to the conduction
band. The excited electrons in Ga,O; need to tunnel through
the interface barrier to Cu,O conduction band with the lower
energy, and finally are collected by Au electrode. The holes in
Cu,0 are transferred to the Ga,O; and then via Ga,0; to FTO
electrode. Considering 254 nm light illumination through
Ga,03 to Cu,0, few photogenerated carriers can be produced
in Cu,O. The photocurrent of PDs under solar-blind UV light is
mainly contributed by the photogenerated carriers of Ga,Os;.
When irradiated at 475 nm, Ga,O; acts as a heterojunction
window, and photogenerated carriers in Cu,O contribute to the
photocurrent of PDs. Due to the existence of a heterojunction
interface barrier, photogenerated electrons of Cu,O are col-
lected by the Au electrode, and photogenerated holes are
transferred to the FTO electrode through Ga,0;.

Compared with the traditional optical communication sys-
tem, UV light communication has the unique advantages of
high flexibility, low eavesdropping, omni-directional and non-
line-of-sight communication, high reliability and good confi-
dentiality, which has wide application prospects in the com-
munication field. With the rapid development of optical
communication, there is still a risk of information interception
due to the exposure of information data in free space, which
poses higher requirements for information security transmis-
sion. A proof-of-concept solar-blind UV-visible encrypted com-
munication system is designed based on Cu,0/Ga,0;
heterojunction PDs with the solar-blind UV-visible photore-
sponse characteristics. The PD can be used as a receiving
terminal to decode the information as a binary ““1” state for a
photocurrent value greater than 0.5 pA and a binary “0” state
for a value less than 0.5 pA. Solar-blind UV light is used as a
carrier to transmit the encrypted message A, and visible light as
a carrier to transmit the key message B with the same number
of binary bits. The encryption agreement is defined as follows:
when the binary bit in B is “0”, the information corresponding
to that of A (““0” or “1”) is false, and its inverse code (‘1" or ““0”")
is output. On the other hand, when the binary bit in B is “1”,
the information corresponding to that of A (“0” or “1”) is true,
and the original code (“0” or “1”) is output. For example, the
solar-blind UV light transmits the encrypted message A as
“11011000”, the visible light transmits the same number of
binary bit key message B as “01110000”, and the real message
decoded by the encryption agreement is “01010111”. The
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Fig. 7 Schematic diagram of the calculation process of secure optical
communication.
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schematic diagram of the calculation process of secure optical
communication is shown in Fig. 7. Only PDs with solar-blind
UV-visible band photoresponse and agreed-upon encryption
algorithms can obtain real information, indicating significant
potential for application in safety communication within the
realm of secure and efficient data transmission.

3. Experimental
3.1 Preparation of Ga,O; NRs

The Ga,0; NRs were grown on the seed layer by using a
hydrothermal method. Firstly, the Ga,O; seed layers were
prepared by using a sol-gel method on FTO substrates using
the precursor solution obtained from 0.3086 g of gallium
nitrate hydrate (Aladdin, >99%), 12 mL of ethylene glycol
methyl ether (Aladdin, >99.3%), and 72 pL of ethanolamine
(Aladdin, >99.5%) stirred in a water bath at 60 °C for 1 h. The
as-grown films were annealed for 1 h at 500 °C in air. Secondly,
Ga,0; seed layers were placed in the growth solution of 0.03 M
Ga(NO;);-xH,0, 0.005 M C¢H;,N, and 30 mL DI water, and kept
for 6 h at 150 °C. Finally, Ga,0; NRs were obtained by anneal-
ing at 500 °C in air for 4 h.

3.2 Preparation of Cu,0/Ga,0;

Cu,0 thin films were prepared on Ga,O; NRs by electrochemi-
cal deposition in the solution with different pH values. Firstly,
10 g CuSO,-5H,0 (Aladdin, 85-90%) was dissolved in a certain
amount of DI water and stirred for 30 min, then 22.4 mL lactic
acid was added, and then an appropriate amount of DI water was
added to 100 mL. The stirring was continued for 30 min, and the
pH value of the solution was adjusted to 9, 9.5 and 10.5 with
NaOH to obtain deposition electrolytes. Cu,O thin films were
electrochemically deposited at 60 °C in a three-electrode system
using Ga,O; NRs as the working electrode, platinum plated
titanium mesh as the counter electrode and Ag/AgCl as the
reference electrode. The deposition current was 6 mA and the
deposition time was 10 min. According to the different pH values
of electrolytes, Cu,0/Ga,0; samples were named Cu,0(9)/Ga,03,
Cu,0(9.5)/Ga,03 and Cu,0(10.5)/Ga,0;. Finally, Au electrodes
were sputtered on the heterojunction films to construct PDs.

3.3 Characterization and measurements

The surface morphology of the samples was characterized via
field emission scanning electron microscopy (SEM, Hitachi S-
8010). The crystal structure was studied via X-ray diffractometry
(XRD, Rigaku D/max 2500/PC). The elemental composition and
chemical state were analyzed through X-ray electron spectro-
scopy (XPS, Thermo ESCALAB-250), in which the photon energy
of the monochromatic source (Al target) was 1846 eV. The
band structure of the samples was tested by using He-I (hv =
21.22 eV) UV photoelectron spectroscopy (UPS). The absorption
and diffuse reflectance spectra of Cu,O thin films and Ga,0;
NRs were measured using a Hitachi V4100 and a Shimadzu UV-
3600i Plus UV-visible spectrophotometer, respectively. Electro-
chemical impedance spectroscopy (EIS) data were obtained in
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1 M Na,SO, solution with an electrochemical workstation
(Autolab PGSTAT 128N) using a three-electrode system with
the sample as the working electrode, a platinum wire as the
counter electrode, and Ag/AgCl as the reference electrode. The
current-voltage (I-V) and current-time (I-t) curves in darkness
and illumination were measured using a Keithley 2450 source
meter and a light emitting diode (LED). The photoresponse
time was obtained using an oscilloscope (Tektronix MDO3014).

4. Conclusions

In summary, Cu,0/Ga,0; heterojunction PDs with a self-powered
solar-blind UV-visible photoresponse have been constructed. By
adjusting the pH value of the Cu,O electrolyte, the crystallization
quality and grain orientation of Cu,0(9.5) films were improved,
and the interface transfer resistance of Cu,0(9.5)/Ga,O; hetero-
junction was reduced. The optimized solar-blind UV-visible photo-
response characteristics without the external bias were achieved
in Cuy0(9.5)/Ga,0; PDs, demonstrating a responsivity of
0.12 mA W™, rise/decay time of 2.48/11.72 ms under 254 nm
illumination, and responsivity of 19 mA W™, the rise/decay time
of 0.96/9.12 ms under 475 nm illumination. A secure solar-blind
UV-visible optical communication system with two independent
optical channels is proposed by using the photoresponse char-
acteristics of solar-blind UV-visible band PDs, in which solar-blind
UV is used as the information carrier and visible light as the key.
Information can be transmitted through an encryption algorithm
via secure and reliable communication. This method has a good
application prospects in the field of secure communication.
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