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The integration of positive photoconductivity (PPC) and negative
photoconductivity (NPC) significantly enhances the functionality of
photodetectors. Sb(v)-based oxides are gaining prominence in
advanced applications due to their notably deep band edges and
favorable band alignment characteristics that benefit the photo-
electric interface. The deep ultraviolet photodetector based on the
a-Sb,0s/a-Ga,03 heterostructure demonstrates wavelength—vol-
tage synergistic bipolar photocurrent switching, attributed to the
carrier trapping mechanism at the interface states. This detector
exhibits an NPC responsivity of 0.71 mA W (at 0 V, 287 nm) and a
PPC responsivity of 1.05 mA W™ (at 1 V, 303 nm). Furthermore, it
shows a bidirectional photocurrent with short-wavelength NPC and
long-wavelength PPC at a transition voltage of 0.5 V. Based on the
bidirectional photoresponse, the detector not only enhances the
confidentiality of real-time communication through bipolar coding
technology but also reduces the detector’s bit error rate via redun-
dant error correction through bipolar channels. The wavelength—
voltage synergistically controlled bipolar response of the a-Sb,0Os/
a-Ga,03 heterojunction exhibits significant potential for develop-
ing novel optical communication devices suited for specialized
environments.

1. Introduction

As a core component of modern optoelectronic technology," photo-
detectors are widely employed in optical communication,”* multi-
spectral imaging,® and environmental monitoring.”® Traditional
photodetectors primarily rely on the positive photoconductivity
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New concepts

The combination of positive photoconductivity (PPC) and negative photo-
conductivity (NPC) has broad application prospects in photodetection,
serving as an important foundation for realizing multifunctional inte-
grated optoelectronic devices. However, most devices exhibiting bipolar
responses are limited to a certain group of materials with a particular
structure, and the switching between NPC and PPC relies entirely on
wavelength control, making synchronous temporal modulation unattain-
able and thereby restricting their use in fields such as radiation detection
and deep-ultraviolet detection. Therefore, a novel bipolar response deep
ultraviolet photodetector based on an a-Sb,0Os/a-Ga,O; heterojunction
has been constructed. Compared with conventional photodetectors, it
exhibits wavelength-voltage synergistically controlled bipolar switching
between NPC and PPC within the deep-ultraviolet range. This break-
through finding not only enhances the security of real-time communica-
tions through bipolar encoding but also reduces the bit error rate of the
detector by redundant error correction in bipolar channels. Therefore, the
present work exhibits significant potential for developing novel optical
communication devices suited for specialized environments.

(PPC) of semiconductor materials, which exhibit increased con-
ductivity under illumination.’™" However, this type of detector
cannot satisfy the demands for new functional applications
driven by the rapid advancement of information technology,'?
and attempts to develop multifunctional detectors only by
improved integration will face challenges such as high-power
consumption, complex design, and information crosstalk.

In recent years, with the discovery of negative photoconduc-
tivity (NPC) in 2D materials, the function of PPC devices can be
expanded by combining an NPC response,'® which can not only
reduce the power consumption of the device,'* but also solve
the problem of single function and lack of multi-mode adjust-
ment of conventional photodetectors."”® Baek et al. observed
negative photoconductivity in Si nanowire field effect transis-
tors (FETs) with different doping concentrations and revealed
that the light-dependent switching between NPC and PPC is
determined by the competition between the interfacial trapping
and the mobile carrier recombination.'® Xue et al. reported
an organic phototransistor (OPT) with a bidirectional
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photoresponse constructed with F;sCuPc.?® The different light
absorption of each layer of the heterojunction makes it have a
wavelength-selective NPC response, and the high-contrast
imaging of the detector is realized by using the photocurrent
decreasing characteristics of NPC and the photocurrent
increasing characteristics of PPC. Xu et al. developed an AMI/
HDB; ternary coded underwater encrypted communication
system by using the Cu,0 modified a-Ga,O; nanorod array that
can generate a bipolar photocurrent under dual-band ultraviolet
light irradiation.>* By using the superposition characteristics of
the bipolar photocurrent, the concealment of information trans-
mission is improved. Through the combination of ZnO nano-
wires and Sb,Se; films, Ouyang et al realized a wavelength-
controlled bipolar response photodetector and successfully
applied it to the color shift keying (CSK) system.?? Its working
efficiency is equivalent to two traditional receivers without any
filters. Tang et al. demonstrated the ultra-low power switching
between the light intensity-dependent NPC and PPC in the Gr/
WSe, van der Waals heterojunction and successfully realized the
simulation of low-power optoelectronic synapses by adjusting
the optical pulse parameters, which promoted the development
of neuromorphic computing.>®

The combination of NPC and PPC responses provides the
possibility for the innovative applications of photodetectors in
secure communications,** logic circuits,*® and image processing.>®
However, switching between NPC and PPC in reported detectors
primarily relies on wavelength control,>”>° which requires wave-
length conversion and cannot achieve synchronous temporal
modulation. Besides, most devices exhibiting bipolar responses
are limited to a certain group of materials with a particular
structure such as 2D materials,*>*' and their intrinsic properties
restrict the long-term sustainable application in extreme environ-
ments, such as radiation detection, deep ultraviolet detection, and
large-sized devices.**" It is noteworthy that, in various architec-
tures, heterojunctions can precisely control the band alignment
according to the optical properties of different materials to achieve
a customized spectral response.*® Ga,O; has a direct bandgap far
exceeding that of materials such as GaN and SiC, with a high
absorption coefficient and a transmittance of over 80% in the
visible light region. It is resistant to high temperature, high
pressure, and strong irradiation, demonstrating great potential
in the field of deep ultraviolet detection.’”*® On this basis, we
found that Sb(v)-based oxides not only have good optical transpar-
ency but also exhibit a pronounced deep valence-band edge and a
band structure matching that of Ga,0;.*>*° By exploiting band-
alignment characteristics and band engineering, integrating Sb,05
and Ga,0; into heterostructures can effectively enhance device
detection performance, stability, and compatibility.

Therefore, in this study, we fabricated an a-Sb,0s/a-Ga,0;
heterostructure by magnetron sputtering and investigated its
bipolar response characteristics of NPC and PPC with wave-
length-voltage synergistic control. Due to carrier trapping at
interface state defects, the heterojunction exhibits a maximal
NPC response at 287 nm and 0 V bias, with a responsivity of
0.71 mA W', Notably, as the voltage increases, the photocur-
rent polarity reverses at 0.5 V, showing wavelength-dependent
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polarity switching (short wavelength NPC response and long
wavelength PPC response). When the voltage increases to
1 V, the detector exhibits the highest PPC responsivity of
1.05 mA W' at 303 nm, confirming the voltage-controlled
photocurrent polarity switching. Furthermore, deep ultraviolet
communication systems based on the detector can enhance
optical communication confidentiality via bipolar coding and
reduce bit error rates under extreme conditions through bipolar
verification, thereby improving anti-interference capabilities.
The wavelength-voltage synergistic control of photocurrent
polarity switching exhibited by the a-Sb,0s/a-Ga,0; heterojunc-
tion in the deep ultraviolet range enables the detector to have
greater development potential for encryption and anti-
interference communication, providing a foundation for devel-
oping novel optical communication devices.

2. Experimental

2.1. Fabrication of an a-Sbh,0s/a-Ga,0; heterojunction

Before sputtering, the ITO substrate was ultrasonically cleaned
with acetone, anhydrous ethanol, and deionized water to
eliminate contaminants from the substrate surface. After pla-
cing the sample in the chamber, the chamber was vacuumed to
a pressure of 1 x 10~ * Pa, and the surface of the target was pre-
sputtered before the formal deposition. The double-layer films
of the a-Sb,0s/a-Ga,0; heterostructure were fabricated by mag-
netron sputtering under high vacuum conditions throughout
the process to ensure excellent interfacial contact. Additionally,
since no temperature was applied during deposition, all films
were deposited in an amorphous state.

Preparation of the a-Sb,0Os film. The a-Sb,0Os film was
prepared on ITO substrates by radio-frequency (RF) magnetron
sputtering. The solid Sb target (99.99%) was used as the sputter-
ing target. The sputtering power was maintained at 60 W, with
an Ar: O, gas mixture ratio of 3:1. The deposition pressure and
rate were controlled at 1 Pa and 10 nm min ', respectively.

Preparation of the a-Ga,O; film. The pulsed magnetron
sputtering was employed to deposit the a-Ga,O; film on the
existing a-Sb,0s layer. The liquid Ga (99.999%) was used as a
sputtering target. The sputtering process was conducted at a
voltage of 620 V, a current of 0.2 A, and a duty cycle of 20%, with
an Ar: O, gas mixture ratio of 4.5:1. The deposition pressure
and rate were maintained at 0.5 Pa and 70 nm min ’,
respectively.

2.2. Device fabrication

The detector electrodes were fabricated via RF magnetron
sputtering. Ti/Au interdigital electrodes with a thickness of
40/60 nm, respectively, were sputtered on the surface of the a-
Ga,0; film using a customized mask. Ti (99.99%) was used as
the sputtering target for the Ti electrode layer, which was
deposited at 15 W for 20 minutes in a pure Ar atmosphere.
Subsequently, the Au electrode layer was sputtered using an Au
target (99.99%) at 10 W for 10 minutes. The chamber pressure
was maintained at 0.5 Pa throughout the deposition process.

This journal is © The Royal Society of Chemistry 2025
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2.3. Characterization

Scanning electron microscopy (SEM) and atomic force micro-
scopy (AFM) were employed to analyze the cross-section and
surface of the films. Grazing incidence X-ray diffraction
(GIXRD) and transmission electron microscopy (TEM) were
used to investigate the structural characteristics of the films.
X-ray photoelectron spectroscopy (XPS) was employed to deter-
mine the composition of the films. The transmission of UV
light was measured using a UV-2550 UV-vis spectrometer. The
energy band structure was characterized by ultraviolet photo-
electron spectroscopy (UPS). The bipolar photoresponse proper-
ties (wavelength response, time-domain response, and I-V
response) were evaluated using a Keithley 2636B UV photode-
tector test system. The underlying mechanism was further
verified by photoluminescence (PL) spectroscopy.

3. Results and discussion

Fig. 1(a) exhibits the SEM cross-sectional image of the a-Sb,0s/
a-Ga,0; heterojunction clearly. The top layer is the a-Ga,O; film
with a thickness of about 700 nm, the middle layer is the a-
Sb,0s film of about 300 nm, and the bottom layer is the ITO
transparent conductive electrode. It is seen that each layer of
the heterojunction has a continuous and smooth surface, and
the contact between the layers is tight. Fig. 1(b) and (d) show
AFM images of the a-Sb,Os and a-Ga,O; films, respectively.
From the images, it is noticed that both films exhibit closely
packed granular structures, which are typical of magnetron
sputtering morphology. Since no additional heating was
applied during sputtering, the films are amorphous. Grazing
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incidence XRD (GIXRD) detected only weakened substrate
peaks, with no characteristic peaks of Sb,Os and Ga,O;
observed (Fig. S1 in the SI). Fig. 1(c) shows the XPS spectrum
of the a-Sb,0O5 film in which the Sb 3ds,, peak is close to the O
1s peak, resulting in a coincident single peak. The ratio of Sb
3ds;,:Sb 3ds, is 1.45 after the peak separation, which is
consistent with the peak area ratio proposed by Scofield. The
peaks of Sb 3ds,,, Sb 3ds/,, and O 1s are located at 531.20 eV,
540.62 eV, and 531.44 eV, respectively. The half-peak widths of
Sb 3ds/, and Sb 3d;, are approximately 1.35 eV. The higher
binding energy and narrow half-peak width further confirm
that Sb is in the +5 oxidation state.*" Fig. 1(e) and (f) exhibit the
XPS spectra of Ga 2p;/, and O 1s, respectively. The peak of Ga
2P/, is located at 1118.41 eV, and the strongest peak of O 1s is
located at 531.05 eV, corresponding to lattice oxygen. The peak
of the binding energy at 531.74 eV is related to the oxygen
defect.** The atomic ratios of the a-Sb,Os and a-Ga,O; films
obtained from XPS peak fitting closely match the theoretical
stoichiometric ratios, and the elemental distribution in ele-
mental mapping is uniform (Fig. S2 in the SI), indicating
accurate film composition.

Fig. 2(a) shows the structural diagram of the detector. The
Ti/Au electrode is used as the top electrode above the film,
while ITO is employed as the bottom electrode, forming an a-
Sb,0s/a-Ga, 03 vertical detector (the optical image of the device
is shown in Fig. $3). The UV transmission spectra of the a-Sb,05
and a-Ga,0; films are shown in Fig. 2(b), both exhibiting sharp
cut-off edges. According to Tauc plots, the evaluated band gap
is 4.7 eV for a-Sb,05 and 5.0 eV for a-Ga,0;. Fig. 2(c) shows the
wavelength response of the detector in the range of 200-
800 nm. It can be seen that the detector has good spectral
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Fig. 1 Morphology and structural characterization of Sb,Os/a-Ga,Os heterojunctions. (a) SEM image of the interface of the a-Sb,Os/a-Ga,Os
heterojunction. (b) AFM image of a-Sb,Os. (c) XPS image of a-Sb,Os. (d) AFM image of a-Ga,Os. (e) and (f) XPS images of a-Ga,Os.
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Fig. 2 Structure and photoelectric response measurement of the a-Sb,Os/a-Ga,Os bipolar detector. (a) Schematic diagram of the a-Sb,0s/a-Ga,Os
detector. (b) UV transmission spectra and band gap diagrams of a-Sb,Os5 and a-Ga,Os. (c) The wavelength response diagram of the detector under
different voltages. (d) /-V images at 287 nm and 303 nm. (e) and (f) Power density-dependent time-domain photoresponse of the detector at different

wavelengths.

selectivity and only responds in the UV range. When no voltage
is applied, the detector exhibits a negative photoconductivity
(NPC) response (I;287/:400 = 422 at 0 V). As the applied voltage
increases, the NPC response gradually weakens, and until 0.5V,
the current polarity reverses, displaying both the short-
wavelength NPC response and the long-wavelength PPC
response. When the voltage exceeds 0.5 V, the detector only
exhibits a PPC response (I;303/2400 = 45 at 1 V). The transition
from NPC to PPC is accompanied by a decrease in the current
suppression ratio. This is because, as the voltage increases, the
number of carriers rises, leading to an increase in the current in
the non-responsive state. In addition, it is worth noting that
there is a shift between the NPC response peak and the PPC
response peak of the detector. Short wavelengths (high photon
energy) are more likely to generate an NPC response, while at
long wavelengths (low photon energy), a PPC response is more
easily generated.”’> This is consistent with the wavelength-
dependent bidirectional photoresponse observed at 0.5 V bias.
This is because the wavelength of the illumination also affects
conductivity. At longer wavelengths, the photon energy decreases,
reducing the light absorption capability of the a-Ga,0O; layer. As a
result, interface state recombination caused by defects is reduced,
making it easier to generate a PPC response. Fig. 2(d) shows the
current-voltage (I-V) characteristics at different wavelengths,
revealing the obvious rectification characteristics. At negative
voltage, the negative photocurrent is larger under 287 nmy;
whereas at positive voltage, the positive photocurrent is larger
under 303 nm. This is consistent with the wavelength dependence
exhibited in the wavelength response. Fig. 2(e) displays the time-
domain photoresponse at different power densities, where the
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photocurrent at 287 nm and 303 nm increases progressively and
exhibits approximate linearity, as further quantified in Fig. 2(f). In
addition, the device stability, reproducibility, and device-to-device
uniformity are important components for measuring its applica-
tion value. Stability tests were conducted on the performance of
the device under 287 nm illumination at 0 V and 1 V voltages.
According to the test results (Fig. S4 in the SI), after 40 rapid
switching cycles, the response of the device did not experience
significant attenuation, indicating good stability during opera-
tion. To assess the reproducibility and device-to-device uniformity,
we collected test data on NPC (0 V bias) and PPC (1 V bias)
responses measured by different devices under 287 nm illumina-
tion (Fig. S5 in the SI), and then evaluated the uniformity among
devices using the relative standard deviation (RSD, the standard
deviation expressed as a percentage of the mean). The calculated
RSD was about 1%, indicating that the devices exhibit very good
uniformity.

Fig. 3 shows the dual polarity photoresponse of the detector
at wavelengths of 287 nm and 303 nm, respectively. Fig. 3(a)
exhibits the variation in photocurrent polarity as a function of
applied voltage under 287 nm illumination with a power
density of 60 pW cm™> In the voltage range from 0 V to
0.5V, the device exhibits an NPC response. This NPC response
is attributed to the trapping of photo-generated carriers by
defect states at the heterojunction interface.** As the external
electric field strength increases, carriers are more likely to
traverse the channel, reducing the number of trapped carriers.
Due to the dominance of electric field-induced carrier drift and
carriers released from traps, the observed NPC response
decreases and transitions to a PPC response at 0.6 V. Because

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5mh01415h

Open Access Article. Published on 06 October 2025. Downloaded on 11/7/2025 1:32:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Horizons

() (b)

View Article Online

Communication

Responsivity (mA/W)
Current (nA)

S S S S S S S S L L L L L L
0 01 02 03 04 05 06 07 08 09 1 110 120 130 140 150 160 170 180 190

Time (s)

3f——0V ——01V—02V 2| P™eec
——03V——04V——05V —r 287 nm
2F——06V—07V——08V ~ o Responsivity
—09V—or1V 1h
—_ 1 on
k] 5 N
£, Id 2o
54 off =
E 4 9]
2 287 nm
2l
3
4l 3t
150 200 250 300 350 400 450 500 550
Time (s) Voltage (V)
(d) (e)s
4f—O0V —o01V—o02V

Al ™™ PPC
s NPC

| —o— Responsivity

—03V—04V—-05V
3p——06V——07V——08V

w

~

o

Current (nA)
Current (nA)

| lon sl

== | - IS
L H\Ofnjm Bl Wﬁﬁﬂﬂ L.
' 303 nm A u/uuu/ ]

Current (nA)

Responsivity (mA/W)

L
S
>

150 200 250 300 350 400 450 500 550
Time (s)

P S S S H U S P S L L L
0 01 02 03 04 05 06 07 08 09 1 110 120 130 140 150 160 170 180 190

Voltage (V)

Time (s)

Fig. 3 Dual polarity photoresponse of the detector at 287 nm and 303 nm. (a) and (b) Voltage-dependent dual polarity photoresponse of the detector at
287 nm. (c) The rise and fall times of photocurrent at 287 nm. (d) and (e) Voltage-dependent dual polarity photoresponse of the detector at 303 nm. (f)

The rise and fall times of photocurrent at 303 nm.

of the different wavelengths for NPC and PPC responses, the
responsivity increase of PPC (0.52 mA W™ ' at 1 V) is notably
lower than that of NPC (0.71 mA W' at 0 V) at 287 nm
(Fig. 3(b)). Fig. 3(d) exhibits the photocurrent polarity shift
with increasing voltage under 303 nm illumination. Due to the
decrease in photon energy, the optical absorption of a-Ga,O;
weakens, and the interface state recombination caused by
defects is reduced, making it easier to generate a PPC response.
Compared to 287 nm, under 303 nm illumination, the NPC
response weakens (0.63 mA W' at 0 V), the PPC response is
significantly enhanced (1.05 mA W™ at 1 V), and the PPC
response emerges at 0.5 V, with a reduced transition voltage
(Fig. 3(e)). This switching further confirms that the negative
response originates from defect states at the interface. Notably,
NPC responses at both wavelengths exhibit fast response char-
acteristics, whereas the PPC response shows prolonged response
times due to increased carrier concentration, indicating a

persistent photoconductivity effect (Fig. 3(c) and (f)). Fig. 3(a)
and (d) reveal that both NPC and PPC responses have a convex
non-equilibrium current, which is also caused by the carrier
recombination from internal defect states within the heterojunc-
tion. The presence of trap energy levels influences carrier gen-
eration and recombination; carrier capture at these levels
reduces carrier concentration in the valence and conduction
bands, producing the observed non-equilibrium current.*> At
303 nm, as the PPC response and the number of carriers
increases, the impact of carrier recombination caused by inter-
nal trap states on the photocurrent gradually decreases, and the
non-equilibrium current gradually disappears. In addition,
because traps formed by interface states hinder efficient carrier
transport in the device, the bipolar response of this detector is
lower than the photocurrent of traditional deep ultraviolet
detectors. However, compared with other devices that exhibit
bipolar responses (Table 1), the a-Sb,05/a-Ga,0; photodetector

Table 1 Comparison of NPC and PPC responses of the studied film with other materials

Materials Wavelength (nm) Responsivity Voltage (V) NPC-PPC switching Ref.
Zn0/SnS 365 155 pA W™ ! 0 yl 29
Nb;Clg 400 156.82 mA W * 3 J 46
Ga,03/Cu,0 365 0.57 mAW ! 0 ) 47
MoTe,/SnS, 465 5000 A W ! 1 y) 30
Graphene/InSe/h-BN 405 11 x 10 AW ! 0 P 48
Bi,Se;/Sb,Se; 1064 4mAW™? 0 v 44
532 15 mAW ! 0
InAs NWs 500 3x10* AW 0.2 i 49
Cs;Bi,Clgy White light 17 mAW ! 5 ) 50
ZnO/Sb,Se; 405 3.7 AW ! 0 yl 22
a-Sb,05/a-Ga,03 287 0.71 mAW ! 0 Aand V This work
303 1.05 mAW ! 1

This journal is © The Royal Society of Chemistry 2025
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achieves bipolar modulation at shorter wavelengths, and its respon-
sivity in the ultraviolet range exceeds that of many previously
reported bipolar response detectors. Furthermore, due to the lower
dark current in the NPC response compared to the PPC response,
the NPC response has higher detectivity at low voltage (Fig. S6 in the
SI), which is more favorable for the fabrication of low-power devices.

To illustrate the dynamics of carriers, the work function of
the material was measured using ultraviolet photoelectron
spectroscopy (UPS), and the energy band structure diagram of
the a-Sb,0s/a-Ga,0; heterojunction was shown (Fig. 4(a) and
(b)). From the UPS measurements, it is found that the work
function of a-Sb,0s is 3.61 eV, and that of a-Ga,O; is 3.09 eV.
The difference in work functions leads to band bending at the
interface of the a-Sb,0s/a-Ga,O; heterojunction, forming a
type-II band alignment under equilibrium conditions. Both
the a-Sb,0Os and a-Ga,0O; layers absorb ultraviolet light to
generate electron-hole pairs. Under ultraviolet light illumina-
tion, interface state defects cause the recombination of photo-
generated electrons in Ga,O; and photogenerated holes in
Sb,0s. The remaining photoholes in a-Ga,O; and the remain-
ing photoelectrons in a-Sb,05 cannot migrate to the other side
to produce an effective drift current because of the potential
barrier. Consequently, at 0 V bias, the recombination current
inside the heterojunction dominates, resulting in a negative
photoconductivity (NPC). To demonstrate the effect of interface
state defects on carrier recombination, we tested the photo-
luminescence (PL) spectra (Fig. S7(a) in the SI) of the samples
and found that the emission intensity of the heterojunction was
significantly reduced compared to the a-Ga,O; film. This
pronounced PL quenching suggests that excitons dissociate
into electrons and holes, which are then captured and

(@)

(©

ITO
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recombine as charge carriers. In addition, we also tested time-
resolved photoluminescence (TRPL) spectra (Fig. S7(b) in the SI).
According to the experimental data, the carrier lifetime in the
heterojunction decreases compared to the a-Ga,O; film (from
4.3536 ns to 3.9866 ns), indicating the presence of trap-assisted
carrier recombination. This further confirms the role of interface
state defects in capturing carriers and supporting the mecha-
nism for the NPC response. As the applied voltage increases, the
external field more strongly influences the carriers and generates
a weak drift current; the competition between the drift current
and the recombination current weakens the NPC response. Due
to the applied voltage, the height of the barrier decreases. When
the external field exceeds the switching voltage, carriers over-
come the barrier and form a large drift current along the field
direction, causing a reversal of the current polarity and produ-
cing a positive photocurrent. To further demonstrate the effect
of interface state defects on switching voltage, we adjusted the
oxygen pressure (Fig. S8 in the SI) and annealing (Fig. S9 in the
SI) temperature during the preparation process, and tested the
bipolar response of the device under 287 nm light illumination.
By adjusting the oxygen pressure during sputtering of the Sb,Os
layer, it was found that the switching voltage of the detector
increases with the decrease of oxygen pressure (gradually
increasing from 0.4 V to 0.7 V). In addition, the rapid thermal
annealing (RTA) of the devices in an oxygen atmosphere at
different temperatures showed that when the temperature
reached 300 °C, the NPC response decreased to one-third of
its original value, and the switching voltage fell from 0.6 V to
0.4 V. When the temperature was raised to 400 °C, the device
completely converted to a PPC response. This further confirms
that the bipolar switching is caused by interface state defects.
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Fig. 4 Schematic diagram of the energy bands and interfacial carrier transfer mechanism of the a-Sb,0Os/a-Ga,Os bipolar detector. (a) UPS spectrum of
a-Sb,0s (b) UPS spectrum of a-Ga,Os. (c) NPC response mechanism of the detector under 0 V. (d) PPC response mechanism of the detector under 1 V.
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In traditional optical communication, information is con-
verted into ASCII code and transmitted via optical signals,
where the on and off states of light represent the binary signals
“1” and “0”, respectively.> For traditional photodetectors, only
single-channel information transmission is possible, and
unable to realize the common transmission of information
and key. This results in the sender and receiver only being able
to transmit information using pre-agreed keys, making real-
time key changes impossible and easily causing information
leakage. The bipolar response detector can exhibit photore-
sponses of opposite polarity under different conditions, and it
can use the NPC and PPC responses to transmit encrypted
information and keys (Fig. 5). Specifically, in the encrypted
mode, wavelength modulation is primary and the voltage is set
at 0.5 V; ultraviolet light at 287 nm (NPC) and 303 nm (PPC) are
used as the communication sources to illuminate the devices,
respectively (Fig. S10(a) in the SI). The PPC response at 303 nm
carries the encrypted information, while the NPC response at
287 nm serves as the real-time key. Only when the real-time key
and the encrypted information are obtained simultaneously
can the information be decoded completely and accurately.
As shown in Fig. 6(a), the transmission information is first
converted into binary using the ASCII code. Taking “NEWS” as
an example, its corresponding ASCII codes are ‘“01001110”,
“01000101”, “01010111”, and ‘01010011, respectively. The
irregular keys transmitted in real-time through the NPC chan-
nel are used to perform encryption operations on the original
information, and then the encrypted information is synchro-
nously transmitted through the PPC channel. When the recei-
ver obtains all the information, the system then performs
decryption operations using the real-time key to retrieve the
original information. This means that, compared to traditional
optical communication systems, the bipolar response system
can achieve real-time changes in encryption algorithms, enhan-
cing the randomness of the keys and significantly improving
the security of the communication system.

View Article Online
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Additionally, in some extreme environments, external fac-
tors can interfere with communication systems, causing errors
in the transmission of “0” and “1” signals, which leads to
information being unrecognizable or even misrecognized.’?
Therefore, we have developed an anti-interference mode for
bipolar detectors to improve the accuracy and integrity of
information transmission (Fig. 6(b)). In this mode, the voltage
modulation is primary, with a fixed wavelength of 287 nm and
the two device voltages set to 0 V (NPC) and 1 V (PPC),
respectively (Fig. S10(b) in the SI). To achieve error monitoring,
we added an additional check bit after encoding: when the
number of “1” in the transmitted information is even, the
check bit is encoded as “0”’, known as an even check; otherwise,
it is an odd check, with the check bit encoded as ‘1. However,
parity checks can only detect an odd number of bit errors; when
an even number of bit errors occur, the system cannot accu-
rately identify them, and the parity check will still pass success-
fully. To solve this problem, we further implemented error
monitoring by adding redundant codes to the channel coding.
The original “0” code is replaced by the “00” code, and the
original “1” code is replaced by the “11” code. These redun-
dant code symbols do not contain communication information
but are transmitted simultaneously with the information code
symbols. When the error code appears in different signals, the
code length at the corresponding position changes signifi-
cantly, allowing the system to accurately identify the error
location. When two adjacent codes in the same signal simulta-
neously change from “00” to “11” (the recognized signal
changes from “0” to ““1”), the code length does not change
significantly, but the parity of the code changes, and the parity
check fails. The addition of redundant codes enables the
system to detect most even-number code errors, greatly com-
pensating for the inability of parity checks. Moreover, the
bidirectional photoresponse system can synchronously trans-
mit information through bipolar channels with opposite cur-
rent polarity, and the characteristic of bipolar current makes
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Fig. 5 Schematic diagram of an optical communication system combining the bipolar response of NPC and PPC. The NPC response serves as the key
channel to transmit the real-time key, while the PPC response serves as the information channel to transmit the encrypted information encrypted by the

real-time key.
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the situation where both channels are simultaneously inter-
fered with relatively few. Therefore, when an error is detected
in one channel, the parity check and redundant code can
accurately identify the error and determine its position.
After the error is determined, the error correction can be
performed through another unaffected information channel.
If the decoded information from both channels is consistent,
the transmission is considered to be correct. This system not
only accurately identifies errors and determines the positions
of the error code, but also corrects errors, reducing the bit error
rate and improving the anti-interference ability of the commu-
nication system in a complex environment.

4. Conclusions

In summary, an a-Sb,0s/a-Ga,0; deep-UV photodetector was
fabricated using magnetron sputtering technology. The detec-
tor exhibits a unique bidirectional photoresponse that is
controlled synergistically by wavelength and voltage, and its

Mater. Horiz.

potential application in real-time encryption and anti-interference
communication is demonstrated. Analysis of the wavelength
response, time-domain response, and I~V response revealed that
the detector exhibits excellent spectral selectivity, only responding
to the UV light. At 0 V bias, interface trapping effects induce an
NPC response with a responsivity of 0.71 mA W™'; as the applied
voltage increases, the NPC response gradually decreases under the
influence of the applied electric field. At a bias of 0.5 V, both
the short-wavelength (high photon energy) NPC response and the
long-wavelength (low photon energy) PPC response are observed
simultaneously. When the voltage exceeds 0.5 V, the detector
exhibits only the PPC response under the applied electric field.
Furthermore, compared to illumination at 287 nm, the NPC
response weakens at 303 nm (0.63 mA W' at 0 V), while the
PPC response is significantly enhanced (1.05 mA W " at 1 V). The
deep-ultraviolet communication system constructed based on
the wavelength-voltage synergistically controlled bipolar response
not only achieves synchronous transmission of bipolar coding
and real-time key updates, enhancing the security of the optical
communication system; it also utilizes the redundancy of bipolar

This journal is © The Royal Society of Chemistry 2025
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channels for error detection and correction, reducing the bit error
rate of the detector in extreme environments and improving its
anti-interference capability. The unique wavelength-voltage con-
trolled photocurrent polarity switching of the a-Sb,0s/a-Ga,0;
detector in the deep-UV range exhibits excellent potential for
encrypted and anti-interference communication, and provides a
novel approach to developing innovative multi-functional optoe-
lectronic devices.
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