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Real-Time UVC Imaging and High Safety Communication
Based on Dual-Detectable Lead-Free Perovskite

Heterostructure

Fa Cao, Enliu Hong, Ziging Li, Sancan Han,* and Xiaosheng Fang*

Ultraviolet band C photodetectors (UVC PDs), which can convert the UVC
light (200-280 nm) signals into detectable signals, have received tremendous
attention due to their wide applications in bio-medicine, communications,
and imaging fields. However, current research primarily focuses on either the
conversion of UVC light into electrical signals or its conversion into visible
light signals. Here, a flexible dual-detectable UVC PD based on Ca,Nb,0,,
nanosheets and CsCu,|; film is reported, which can simultaneously convert
UVC light into visible light and electrical signals, achieving the visual
detection for invisible UVC light. The PD exhibits exceptional self-powered
UVC light (270 nm; 1.87 mW cm~2) detection abilities with a high responsivity
(R) of 16.7 mA W', an impressive detectivity of 6.1 x 10'" Jones, a high
on/off ratio of 3789, and an ultra-high UVC/UVA (R,;,/R;,) rejection ratio of
2.1 x 10°. The dual-detectable PD shows great application potential for safety
communication and real-time imaging. This work proposes a new type of
flexible PD through material selection and structural design, thereby inspiring
novel ideas to enhance the convenience and practicality of UVC

radiation from the sun which can be further
divided into three bands, named UVA (315-
400 nm), UVB (280315 nm), UVC (200-
280 nm). On the one hand, excessive UV ra-
diation can lead to skin aging and even can-
cer. On the other hand, UV radiation can be
used for imaging, security communication,
and medical cosmetology, etc.l*] Therefore,
the detection of UV light has emerged as a
prominent area of research to make better
use of UV light for the benefit of human
beings. When the UV light radiated by sun-
light penetrates the atmosphere, the wave-
length in the range of 200-280 nm will be
absorbed by ozone in the atmosphere and
rarely reach the earth’s surface. There is no
doubt that using UVC light for communi-
cation and imaging has higher security.l’!

Various UVC photodetector (PD)
based on wide bandgap semiconduc-

photodetection.

1. Introduction

Ultraviolet (UV) light with a wavelength ranging from 10 to
400 nm is a double-edge sword to mankind,'*! and the UV
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tors (Sm,0,,°! Diamond,”] AlGaN,® and

Ga,0,,1% etc.) have been fabricated for the

detection of UVC light and demonstrated
preferable performance. For instance, solar-blind Sn-doped g-
Ga,0, microbelts show a responsivity of 300 A W' and a
UVC/dark current ratio of 10® was reported by Shan’s group.l°!
Huang et all® demonstrate a p-Graphene/i-Sm,0,/n-SiC solar-
blind UVC PD, exhibiting a self-powered responsivity of 19.8 mA
W-! and a detective as high as 1.2 x 10" Jones. However, the
above-mentioned PDs have poor flexibility and thus can not sat-
isfy our daily demands for flexible devices.'”] Recent emerg-
ing 2D wide bandgap oxide perovskite nanosheets including
Ca,Nb;0,, (CNO) and Sr,Nb;0,, (SNO), which show high flex-
ible UVC light detection abilities have been reported by our
group.l'12] Nevertheless, previous reports mainly focus on the
conversion of UVC light into electrical signals, which require cor-
responding electrical signal measuring equipment.['*!* In some
cases, we need to sense UVC light without the help of external
devices.[>] Against this background, metal halide perovskites, es-
pecially non-toxic Cu-based perovskites (CsCu,1I; and Cs;Cu,ls,
named CCI123 and CCI325, respectively), have attracted much
attention because of their defects or self-trapping exciton lu-
minescence, enabling the conversion of UVC light into visible
light.!'®17] For instance, Pan group!'® achieved the conversion of
UVC light to yellow light through CsCu,I; films. The ability to
convert invisible UVC light to visible light could achieve visual
detection of UVC light, simplifying our detection of UVC light
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Figure 1. a) The fabrication steps of CNO/CCI123 UV PD on PET substrate. b) XRD spectra of CNO, CCI123, and CCI325 films. ¢,d) SEM and AFM
images of CNO nanosheets and inset of c) is the corresponding SAED pattern. e,f) SEM images of CNO and CCI123 films, respectively and the inset is
their corresponding AFM images. g) Height profiles of CNO and CCI123 films. h) Absorption spectra of CNO, CCI123, and CCI325 films and the inset
is the energy bandgaps of CNO, CC1123, and CCI325 films. i) Energy band alignment of CNO and CCI123.

in some qualitative situations. However, to the best of our knowl-
edge, there is a limited report available that specifically focuses on
the dual detection (converting UVC light to electricity and visible
light) of UVC light. With the rapid development of UVC photode-
tection technology, it's urgently needed to exploit novel devices
with UVC dual detection ability to meet the demands for UVC
light real-time imaging and quantitative test. The combination
of 2D CNO nanosheets with Cu-based perovskites may realize
the conversion of UVC light to electricity and visible light at the
same time.

Inspired by current demands, a flexible UVC photodetector
with dual-detectable capabilities was devised through the integra-
tion of 2D CNO nanosheets with CsCu, I, films. The PD exhibits
superior stability, self-powered characteristics, and excellent flex-
ibility in detecting UVC light (270 nm; 1.87 mW cm~?). Specifi-
cally, it demonstrates outstanding performance with a responsiv-
ity of 16.7 mA W1, detectivity of 6.1 x 10! Jones, on/off ratio of
3789, and an ultra-high UVC/UVA (R,;,/R;4,) rejection ratio of
2.1x 10°, exhibiting great application potential for safety commus-
nication and real-time imaging. Our research and development
of the UVC dual detection method can serve as a milestone in the
field of UVC PDs.
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2. Results and Discussion

The schematic of the fabrication procedures of the PD is shown
in Figure 1a. The cleaned PET substrate is treated by air plasma
for the following film deposition process. The CNO colloidal
solution is dropped onto the PET substrate to ensure homoge-
neous diffusion of the solution, followed by drying at 60 °C to ob-
tain a uniform CNO film composed of nanosheets. The CCI123
film was evaporated on the CNO film to form a heterojunction,
then Au and Ag electrodes were deposited on CCI123 and CNO
film, respectively. The flexible Au/CCI123/CNO/Ag UVC PD is
shown in Figures 1a and S1 (Supporting Information). The X-
ray diffractometer (XRD) spectra of CCI123, CCI325, and CNO
films are shown in Figure 1b. The 26 peaks located at 11.7°,
17.4°, 22.0°, 23.3°, 41.58°, and 47.96° can be attributable to the
(002), (003), (004), (100), (007), and (107) crystal facets of tetrag-
onal hydrogen calcium niobium oxide (PDF # 00-040-0884)./11:1]
The obvious (00]) peaks demonstrated the layered structure of
CNO nanosheets. For CCI325 films, the peaks located at 25.9°
are assigned to (222) planes of Cs;Cu,l; (PDF # 79-0333).120]
While four peaks of CCI123 films with a 26 values of 26.4°,
38.1°, 44.3°, and 64.6° can be attributable to the (221), (132),
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Figure 2. a) Optical image of CCI123 and CCI325 under 254 nm illumination. b) Optical image of CCI123 film on PET substrate and the inset is the
corresponding transmission spectrum. c) Flexible CCI123 film under 254 nm illumination. d,e) PL and PLE spectra of CCI123 and CCI325, respectively.
f) Hlustration of relaxation mechanism of the visible emission of CC1123 and CCI325.

(440), and (190) planes of CsCu, I, (PDF # 45-0076).[1% The SEM
morphology of CNO nanosheets shown in Figure 1c demon-
strated the average size of the nanosheet is 1-3 um, the regu-
lar arrangement of diffraction spots showed its single crystalline
properties (inset of Figure 1c), and the HRTEM image with a
d spacing of 0.38 nm (Figure S2, Supporting Information) can
be ascribed to the (100) face of CNO nanosheets. The AFM im-
ages (Figure 1d) further reveal that the thickness of the CNO
nanosheet is 2.5 nm. To show the uniformity of the CNO and
CCI123 films, SEM and AFM images are performed as shown
in Figure lef. The CNO nanosheets formed a homogeneous
CNO film with a smooth surface (the average roughness R is
4.5 nm) on PET substrate (Figure le) and the average rough-
ness R, of CCI123 is 5.1 nm (Figure 1f). The EDS mapping
(Figure S3, Supporting Information) of the heterojunction fur-
ther confirmed the evenly distribution of CNO and CCI123 film.
The average thickness of CNO and CCI123 films are ~502 and
203 nm, respectively (Figure 1g). The UV-vis spectra of CNO,
CCI123, and CCI325 in the range of 250-800 nm are illustrated in
Figure 1h. The CNO film exhibits an absorption peak at 270 nm
and the CCI films exhibit an absorption peak at %320 nm, in-
dicating that these films may respond to UVC light for pho-
todetectors. And the corresponding calculated energy bandgap
of CNO, CCI123, and CCI325 are 4.02, 3.70, and 3.76 eV, respec-
tively (inset of Figure 1h). According to the previous report of
the energy band alignment of CCI123 and CNO nanosheets,[112]
a type-II heterojunction is formed between them as shown in
Figure 1i.

It is obvious that under the excitation of 254 nm UVC light,
the blue and yellow light can be seen in CCI325 and CCI123
films (Figure 2a), respectively. The films can be deposited on a
flexible PET substrate, as shown in Figures 2b,c and S4 (Sup-
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porting Information). As shown in Figure 2b,c, a large area
(~13x8 cm) CCI on PET substrate with high transparency (>
80%; inset of Figure 2b) was successfully fabricated, demonstrat-
ing their potential in flexible perovskite scintillators for X-ray de-
tection. The optical properties of CCI films were further studied
by photoluminescence (PL) emission spectroscopy. The CCI123
and CCI325 films with PL excitation peaks centered at 320 and
280 nm, respectively, demonstrate their potential to respond to
UVC light (Figure 2d,e). Furthermore, the corresponding broad-
band PL peaks centered at 584 (CCI123, Figure 2d) and 445 nm
(CCI325, Figure 2e), which is consistent with the color of the
CCI123 and CCI325 we observed before. Figure 2f depicts a pos-
sible PL mechanism of the CCI films. The UV-excited free elec-
trons will transfer into the lower self-trapped state and I vacancy
state (V;).11%21] Thus, the trapped electrons combine with holes
left in the ground state, which contribute to their broadband
emission.

The photodetection performance tests of Au/CCI123/Au,
Ag/CNO/Ag, and Ag/CNO/CCI123/Au PDs were performed in-
dividually. Figure 3a—c displays the current—voltage (I-V) curves
of Au/CCI123/Au, Ag/CNO/Ag, and Ag/CNO/CCI123/Au PDs,
respectively. All the PDs exhibit UV light response abili-
ties. The approximately symmetrical curve shows the approxi-
mate ohmic contact of Au/CCI123/Au and Ag/CNO/Ag, while
Ag/CNO/CCI123/Au PD demonstrates obvious rectification
characteristics with self-powered UVC light photodetection abili-
ties. We can further confirm that a built-in electric field is formed
between CNO and CCI123. Parts d and e of Figure 3 show that
the photocurrent and responsivity (R) increase with an increase
of the applied bias, and the highest R (R = “=¢ , where I, and I,
are the photo and dark current, respectively, P is the light intensi-
ties and A is the active area) of 1273 mA W~! is obtained ata 3 V
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Figure 3. a—c) Current- voltage curves of CCI123, CNO, and CCI123/CNO heterojunctions under dark and UV illumination. d) Current-time (I-t) curves
of CCI123/CNO heterojunctions at 270 nm from 0V to 3V. e) Responsivity of the PD with different voltage. f) Responsivity and detectivity of the PD at
0V bias. g) I-t curves of the PD under different light intensities at 270 nm. h) Photocurrent dependent on light intensities. i) I-t curves of the PD with

various bending times.

bias (270 nm; 1.87 mW cm™2).[21-2*] Both the response time and
decay time consist of a fast-response as well as a slow-response
process. Commonly, the fast-response process is attributed to
the rapid change of carriers when the light is on/off (the carri-
ers transmit from the valence band to the conduction band or
the reverse process) and the slow-response is own to the trap-
ping/releasing process of carriers caused by the oxygen vacan-
cies in CNO films. The fitted z,,, 7,, 74, and 74, are 0.79, 3.12,
4.24, and 20.6 s, respectively, as shown in Figure S5 (Supporting
Information).

The photodetection ability of Ag/CNO/CCI123/Au at 0 V
was further tested to evaluate its self-powered performance
(which was caused by the type II heterojunction formed between
CCI123 and CNO films). Figure S6 (Supporting Information)
shows the current-time (I-t) curve of the spectral response of
Ag/CNO/CCI123/Au PD under 0 V the corresponding calcu
lated R (left axis) and detectivity (D", right axis, D* = W ,

e = 1.6x107" C) values are shown in Figure 3f.[2>-?’] High self-
powered R values of 16.7 mA W~! (at 270 nm) and D* values of
6.1x10!"! Jones were attained. In the meantime, a self-powered
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EQE with a value of 7.5% is obtained (@270 nm, 0 V bias), as
shown in Figure S7 (Supporting Information). Moreover, an ul-
trahigh rejection ratio (R,;,/Rs4,) with a value 0f 2.1x10°, demon-
strated its excellent UVC detection ability. Figure 3g is the I-t
curves of Ag/CNO/CCI123/Au PD performed at different light
intensities (270 nm; 0 V). The photocurrent increased with the in-
creasing UVC light intensity, a highest on/off ratio with a value of
3789 was obtained when the light intensity is 1.87 mW cm™2. The
corresponding dependence of photocurrent on light intensity
(I = P’ is shown in Figure 3h.[?8%] The fitted 0 is 1.06 demon-
strate the less recombination ratio of the photogenerated carriers.
Due to the flexibility and stability of the 2D CNO nanosheet, the
photodetection performance of the Ag/CNO/CCI123/Au PD re-
mains unchanged after 2000 cycles of bending (Figure 3i) and
2 months of restoration in N, atmosphere (Figure S8, Support-
ing Information). Only a little photocurrent (96.7% photocurrent
maintenance) decreased when the PD are maintained in air for
7 days(Figure S8, Supporting Information). The performance of
our PD is comparable or better than the UVC PDs in the litera-
ture as we compared in Table S1 (Supporting information).
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Figure 4. a—c) The confidential information under daylight, 365 nm light, and 254 nm light, respectively, (the blue dots under 254 nm light are generated
by CCI325, and the yellow dots are generated by CCI123). And d) is the corresponding decoded information. e) The UVC PD under tuned UVC light and
the corresponding electrical signals (in linear coordinates) f). g) The decoded information from the electrical signals.

The majority of UVC light is absorbed by the ozone layer, re-
sulting in rare transmission to the earth’s surface. Therefore, the
utilization of UVC light to transmit information ensures a highly
secure dissemination of data. A piece of quartz glass with in-
formation is shown in Figure 4a. There is nothing can be ob-
served when using 365 nm UVC light to decode the informa-
tion (Figure 4b). When we further used 254 nm UV light to de-
cipher the information, regular blue and yellow dots appeared
(Figure 4c). A set of data can be obtained by defining the blue dot
as “0” and the yellow dot as “1”. The “NJUPT” information can be
got through binary password decoding (Figure 4d). In addition,
the stored information can still be decoded by UVC light even af-
ter being stored in the drying oven for 8 months (Figure S9, Sup-
porting Information). Besides, the information can be further
transmitted by recording electrical signals. When a series of reg-
ulated UVClight irradiates the PD (Figure 4e), the corresponding
electrical signal changes can be obtained. The dark current sig-
nal is recorded as “0”, the photocurrent signal is recorded as “1”
(Figure 4f), and the message “HI” can be obtained (Figure 4g), so
as to realize the safety transmission of information.3%31]

The vivid-display image behavior of CCI films and the
Ag/CNO/CCI123/Au PD were carried out to validate their
imaging capabilities. The mask with special morphology (UVC
shape) is placed between the UVC light and the CCI films
(Figure 5a; Figure S10, Supporting Information). When the UVC
light shines on the film through the mask, it will produce yellow
(CCI123; Figure 5b) or blue (CCI325; Figure 5c) light visible to
the naked eye with high stability even after 8 months(Figure S11,
Supporting Information), which can realize the real-time imag-
ing and early warning of UVC light. Furthermore, a UVC imag-
ing system based on the Ag/CNO/CCI123/Au PD was further
built as shown in Figure 5d. The template moves in the direc-
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tion of x and y, and the PD combined with the Keithley 4200
is used to record the changes of light and dark current.}*-3]
The results (Table S2, Supporting information) and the corre-
sponding obtained 2D image is shown in Figure Se, achieving
the purpose of UV imaging. The dual-detectable of UVC light
based on CNO nanosheets and CCI films realized two ways
of UVC light communication and imaging, respectively, which
may have great application potential in the UVC light detection
prospects.

3. Conclusion

In conclusion, a flexible dual-detectable ultraviolet band C pho-
todetector (UVC PD) based on Ca,Nb;O,, nanosheets and
CsCu,1; film was successfully fabricated on a PET substrate in
our work. The PD demonstrated a high self-powered UVC light
(270 nm; 1.87 mW cm~2) detection abilities with a responsivity
(16.7 mA W1), detectivity (6.1 x 10'! Jones), on/off ratio (3789),
ultra-high UVC/UVA (R,,,/Rs4) rejection ratio (2.1 X 10%), and
ultra-stable flexible photodetection abilities. Furthermore, it can
turn the UVC light into visible light immediately, realizing the
real-time monitoring of UVC light. The dual-detectable PD can
be well applied in safety communication and imaging. The re-
sults obtained in our study pave a new way in the fabrication of
new types of UVC PDs.

4. Experimental Section

Fabrication of Ca,Nb3;O;y and CCl Films: The CNO nanosheets were
fabricated by a calcination-exfoliation method according to the previous
report. The K,CO3 (99.99%), CaCO; (99.99%), and Nb,O5 (99.99%) with
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Figure 5. a) UVCimaging demonstration using the CC1123 and CCI325 film and the corresponding imaging results b,c). d) A single pixel (CNO/CCI123)

UVC imaging system and the results e).

a molar ratio of K:Ca:Nb = 1.05:2:3 was mixed and ground for 30 min,
and calcinated at 950 °C for 1 h in the atmosphere. The product was fully
ground for 30 min again and then calcinated at 1150 °C for 10 h in the
atmosphere. 0.3 g synthesized KCa,Nb; Oy and 15 mL 5 m HNO; were
mixed and stirred for 3 days and the acid was changed every 24 h to get
the HCa,;Nb3;O4,. The HCa;Nb; O, was washed many times with deion-
ized water to remove HNO; before dispersion in aqueous solution with an
equimolar amount of tetrabutylammonium hydroxide solution (TBAOH,
25% aqueous solution). The CNO nanosheets were got by shaking the so-
lution for 7 days. The obtained CNO nanosheets were washed with distilled
water for three times and exposed to UV light to remove the TBA* before
use. For the fabrication of CCl films, the Csl (99.99%) and Cul (99.9%)
with a molar ratio of 1:2 (named as CCl1123) and 3:2 (named as CCI325)
were ground for 1 h. Then 0.5 g mixed powders were evaporated under
vacuum condition (107> Pa) to form a 200 nm film at a constant rate of
0.2nms".

Materials Characterization: The crystal structure, and morphology of
the materials and films were characterized by X-ray diffraction (XRD;
A =0.15418 nm), field-emission scanning electron microscopy equipped
with energy-dispersive X-ray spectroscopy (EDS) (TESCAN MIRA LMS),
transmission electron microscopy (ThermoFisher Talos F200X), and AFM
(Bruker Dimension Icon). The thickness of the film was tested using a Step
Profiler. Absorption and photoluminescence spectra were collected by an
UV-vis spectrophotometer (UV2450, Shimadzu) and an FLS920 fluores-
cence spectrometer.

Device Fabrication and Photoelectric Measurements: For flexible de-
vices, PET substrates were treated with 5 min plasma before coating CNO
films. The CNO nanosheet dispersion was drop-coated on the substrate
and then dried at 60 °C in air. The CCI123 film was evaporated on the
CNO layer through a shadow mask, and then Au and Ag electrodes were
deposited on the CC1123 and CNO film, respectively. The photodetection

Adv. Funct. Mater. 2025, 2422161

2422161 (6 of 7)

performance tests of the PD were conducted on a Keithley 4200 equipped
with an Xe lamp and a monochromator.
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Supporting Information is available from the Wiley Online Library or from
the author.
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