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We report that the integration of filter membrane and Ca;Nb3;0O;y nanosheets (FM@CNQO) UV photode-
tector (UV PD) shows high performance and excellent flexibility. The Ca;Nb30q9 nanosheets were pre-
pared by a facile solid-state reaction and liquid exfoliation process. The Ca;Nb30O19 nanosheets can be
integrated into the pores of a filter membrane via a simple vacuum filtration method. The FM@CNO UV
PD shows high performance under 300 nm light illumination at 5 V bias, including high responsivity
(0.08 AW1), high detectivity (1.1 x 10'? Jones), high UV/visible rejection ratio (3.86 x 10%) and fast speed
(0.12/1.24 ms). Furthermore, the FM@CNO device exhibits excellent flexibility after many bending cycles.
In addition, the FM@CNO array device was used as a pixel array detector for UV imaging. This work
provides a novel approach to achieve high performance flexible PDs based on filter membrane and two

© 2022 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

Perovskite-type transition metal oxides have been investigated
because they exhibit unique properties. Their layered derivatives,
including Ruddlesden-Popper phase, Aurivillius phase and Dion-
Jacobson phase, have been a research focus nowadays [1-3].
Among those layered perovskite derivatives, the group of Dion-
Jacobson phase, with the general formula of A’'[A;_1BnO3n41] (n>1)
covers a wide range of materials, including titanates, tantalates,
niobates and solid solutions. The Dion-Jacobson derivatives exhibit
a number of interesting properties, such as protonic/electronic con-
ductivity, ferroelectricity and large specific surface area, which
meet the demand of basic research and practical applications such
as miniaturized electronic devices [4-6]. And of particular inter-
est are two-dimensional (2D) nanostructures synthesized via the
solution-processed exfoliation of layered bulk perovskites. Such 2D
nanostructures are practically useful building blocks for assembling
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patterns and complex architectures, and provide various possibili-
ties for many applications [7,8].

KCa,;Nb30qg is a Dion-Jacobson phase layered perovskite, con-
sists of a layer of K* ion and two adjacent layers of nega-
tively charged NbOg octahedrons. Two dimensional Ca;NbsOqq
(CNO) nanosheets can be synthesized via a simple solid-state re-
action, proton-exchange, aqueous phase exfoliation process. The
CNO nanosheets films have been proven to be a promising mate-
rial for various traditional or late-model applications such as di-
electric, ferroelectric, photocatalysis and optical applications [9-
11]. In addition, the bandgap of CNO corresponds to the UV en-
ergy spectrum, therefore it may become a promising candidate for
UV light detection. Until recently, we first reported 2D Ca;Nb30qg
(CNO) and SryNb30qg9 (SNO) nanosheets for high performance UV
photodetectors (UV PDs), respectively [12,13]. The device based on
an individual CNO nanosheet presents an ultrahigh responsivity of
1156 AW-1. However, the development of high performance and
flexible devices based on CNO nanosheets and well-selected sub-
strates by a simple and low-cost technique is still lacking.

Recently, intelligent and integrated wearables are springing up
in our daily lives with the great progress of science and technology,
and have attracted wide attention in various fields such as health
monitors, power supplies, optoelectronic devices and various sen-
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sors [14-18]. An enormous challenge facing the design methods of
wearable devices is the requirement of good flexibility and high
performance. Among them, the rapid progress of photodetection
techniques is becoming increasingly important in modern opto-
electronic technology, in which the development of wearable de-
vices plays a significant role. Considerable efforts have been made
in search of high performance flexible PDs through elaborately
planned fabrication methods, well-designed structures, and selec-
tion of suitable nanometer materials [19-23]. The general strategy
to realize of the flexibility and portability of PDs is to develop a
variety of flexible substrates. Chen et al. reported that the single
microwire with a 3D porous structure is prepared via a femtosec-
ond laser writing technique [24]. And the SiC microwires can be
deposited directly on flexible substrate, and the obtained SiC UV
devices has good flexibility and can work stably after bending 2000
times. However, ingenious methods are still needed to realize the
integration of materials and substrates for high performance PDs
with good flexibility.

Herein, the ultrathin CNO nanosheets were synthesized via a
solid-state reaction, aqueous phase exfoliation process. After the
vacuum filtration of CNO nanosheets colloidal suspension, the inte-
gration of filter membrane and CNO nanosheets (FM@CNO) is ob-
tained with CNO nanosheets in its pores. The FM@CNO UV PDs
show high performance at 5 V under 300 nm light illumina-
tion, including the high responsivity (0.08 AW-1), high detectivity
(1.1 x 102 Jones), high UV/visible rejection ratio (3.86 x 103) and
fast speed (0.12/1.24 ms). Furthermore, the FM@CNO UV PD ex-
hibits excellent flexibility after many bending cycles. In addition,
the FM@CNO array device was measured as an UV image sensor.
This work provides a novel approach to achieve flexible and high
performance PDs based on filter membrane and two dimensional
materials.

2. Experimental
2.1. Synthesis of Ca,Nb30;9 nanosheets

The calcination-exfoliation process was carried out in our previ-
ous work.[12] Typically, the mixture of K;CO3, CaCO3, Nb,05 with
the molar ratio of K:Ca:Nb=1.1:2:3 was fully ground and was cal-
cinated at 1273 K for 10 h in air. Then the KCa;Nb30q9 was pre-
pared after another calcination for 12 h at 1473 K after secondary
ground. An excess amount of K;CO3; was used because the loss of
alkali metal carbonate was compensated at high temperature. The
proton-exchange steps which replaces K+ with HT was carried out
by immersing 0.5 g KCa;Nb30q9 sample in 5 M HNO;5 for 5 days
during which the nitric acid solution was renewed daily. The pow-
der was washed several times and dried in air before being dis-
persed in an aqueous solution containing equimolar amounts of
hydroxide (TBAOH). The Ca;Nb30;¢ nanosheets were exfoliated by
slowly shaking the solution for 7 days. The unexfoliated Ca;Nb30qq
sediment was removed and Ca;Nbs30;9 nanosheets were washed
and collected by centrifugation. Finally, the Ca;Nb304y nanosheets
were dispersed in aqueous solution for further use. The whole
experimental process was completed in the atmospheric environ-
ment. Therefore, the Ca,Nb30;9 nanosheets have excellent stability
to atmosphere, temperature, acid and alkali solutions.

2.2. Preparation of filter membrane and Ca,Nb30;9 nanosheets
(FM@CNO)

The integration of filter membrane and CNO nanosheets is pre-
pared by vacuum filtration of CNO nanosheets colloidal suspension.
After the removal of the upper CNO film, the lower filter mem-
brane with CNO nanosheets in its pores (FM@CNO) is obtained.
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This integration of FM@CNO provides the possibility for flexible UV
photodetecting applications.

2.3. Characterization and photoelectric measurements

The morphology of CNO nanosheets were conducted by field-
emission scanning electron microscopy (Zeiss Sigma). An atomic
force microscope measurement was observed on a Bruker atomic
force microscope. High-resolution morphology of Ca;Nb30qg
nanosheets were investigated by transmission electron microscope
(FEI Tecnai F30). The crystal structure of CNO samples was char-
acterized by a Bruker D8-A25 diffractometer. The GIXRD was per-
formed on a Rigaku Smartlab 9 diffractometer. The UV-vis trans-
mission spectroscopy was measured by a UV-vis spectrophotome-
ter (Hitachi U-3900H).

The mask was employed for patterning of Cr/Au electrode con-
tacts to fabricate the FM@CNO PDs. All the photoelectric perfor-
mance was characterized by a program-controlled semiconductor
characterization system (Keithley 4200, USA). A quick response
system is measured on a digital oscilloscope (Tektronix DPO 5140B)
equipped with a 355 nm pulsed laser source. The imaging test
method is to block the T-shaped template between the light source
and the device, and measure the light and dark current of each
pixel one by one. The measured data were then projected into a
2D mapping diagram. All measurements were conducted in the at-
mosphere at room temperature.

3. Results and discussion

The Ca;Nb30;9 (CNO) nanosheets are synthesized by a solid-
state reaction, proton exchange in nitric acid, shaking-exfoliation in
alkali solution. The scanning electron microscopy technique (SEM)
is employed to observe the corresponding products, as shown in
Fig. 1(a-c). After a two-step calcination, the KCa;Nb30;9 (KCNO)
product is observed from the SEM image in Fig. 1(a), and the lat-
eral grain size of the KCNO can reach ten micron scale. It pos-
sesses a layered structure, leaving space for next intercalation and
exfoliation. Then the HCa;Nb30;9 (HCNO) product is prepared by
replacing K* of KCNO product with H* in nitric acid, reveal-
ing a good layered structure, as shown in Fig. 1(b). Finally, the
CNO nanosheets are successfully obtained by a slowly shaking-
exfoliation step, in which the H* can be replaced by TBAT in
TBAOH solution, as shown in Fig. 1(c). The lateral size of CNO
nanosheets ranges from 200 to 1000 nm. And the size of CNO
nanosheets can be screened by centrifugation at different speeds
to obtain uniform sizes. The products of low-speed centrifugation
are removed, and the products of high-speed centrifugation are
used to fabricate devices. Meanwhile, according to the height pro-
files from the atomic force microscope image (AFM) in Fig. 1(d).
The thickness of exfoliated single-layer CNO nanosheets is mea-
sured as 1.8 nm, which may contain the chain length of TBA™
molecules. The thickness of a single-layer CNO nanosheet with
three NbOg slabs is approximately 1.5 nm, and is close to the the-
oretical value of 1.45 nm [25]. Therefore, 2D single-layer or few-
layers CNO nanosheets are achieved successfully, and can be dis-
persed in deionized water with good stability. This CNO nanosheets
colloidal suspension is convenient for fabricating various optoelec-
tronic devices.

The morphology, structure and elemental composition of CNO
nanosheets are measured by transmission electron microscopy pat-
tern (TEM). As shown in Fig. 1(e), the lateral size of the CNO
nanosheets is clearly observed in low-magnification TEM. As seen
in Fig. 1(f), the high-resolution TEM (HRTEM) image exhibits the
interplanar distance along the two vertical directions are both cal-
culated to be 0.38 nm, which corresponds to the (010) and (100)
planes of CNO nanosheet. The selected-area electron diffraction
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Fig. 1. Morphology and structure of CNO nanosheets. (a-c) SEM images of KCNO sample (a), HCNO sample (b) and CNO nanosheets (c). (d) AFM image of CNO nanosheets
and insert exhibits the height profile. TEM image (e), HRTEM image (f) and SAED pattern (g) of CNO nanosheet. (h) TEM image of CNO nanosheet and the corresponding

EDS mapping diagrams of Ca (i), Nb (j) and O (k) elements, the scale is uniform.

(SAED) pattern with the high crystallinity are indexed as (010) and
(100) planes of CNO nanosheet in Fig. 1(g). The structure of the
single-layer CNO nanosheet with three NbOg slabs share corners
to construct a unilamellar sheet, where the c-axis is along [001]
zone axis direction. Furthermore, the energy-dispersive X-ray spec-
troscopy mapping pattern (EDS) is investigated to analyze the el-
ements distribution of CNO sheets. Fig. 1(h-k) shows the typical
EDS mapping results of the CNO nanosheet. It can be seen that Ca
(Fig. 1(i)), Nb (Fig. 1(j)) and O(Fig. 1(k)) are evenly distributed in
the CNO nanosheets. Note that the nanosheets with few octahedral
layers are easily damaged by the electron beam with the prolon-
gation of the sampling time. Therefore, the sampling time is short
and the number of sampling points is small. Single-layer or few-
layer CNO nanosheets have small sizes and ultrathin thicknesses,
which is conducive to their combination with various substrates.
To determine the phase structure of products during the prepa-
ration process, the X-ray diffraction pattern (XRD) is utilized for
products after high temperature calcination and proton-exchange,
respectively. And the grazing incidence X-ray diffraction measure-
ment (GIXRD) is carried out for the exfoliated CNO nanosheets be-
cause of the ultrathin thickness. As displayed in Fig. 2(a-c), dur-
ing the three experimental steps the crystal phase of products
changes substantially. For product synthesized by calcination as
seen in Fig. 2(a), the strong peaks at 32.9, 31.3, 29.4, 23.1, 12.0
and 5.8° match well with the standard data of (221), (207), (206),
(200), (004) and (001) planes of KCa;Nb30qy (PDF#35-1294). Af-
ter the exchange process, the four strongest peaks centered at
32.9°, 29.7°, 23.1° and 6.1° are observed in Fig. 2(b), correspond-
ing with the (110), (103), (100) and (001) planes of HCa;Nb30qq
(PDF#40-0884). After the exfoliation process, the GIXRD measure-
ment of CNO sheets present obvious diffraction peaks at 28.4°,
23.1°, 10.9° and 5.4°, corresponding to (103), (100), (002) and (001)
planes of HCa;Nb304-1.5H,0 (PDF#39-0915) in Fig. 2(c). And the
broad diffraction peaks of CNO nanosheets indicate the decrease
of the crystal size along the c axis. The optical property of CNO
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nanosheets is further measured. The CNO nanosheets exhibit little
absorption in the visible range and a sharp absorption edge around
300 nm, according to the UV-vis absorption spectrum in Fig. 2(d).
As presented in Fig. 2(e), the optical bandgap could be calculated
to be 3.84 eV by the Tauc plots. The wide bandgap of the CNO
nanosheets makes it feasible for fabricating UV PDs. In our previ-
ous work, CNO nanosheets are coated on quartz substrate to form
film-based device, which shows excellent photoelectric properties.
Herein we investigate their applications in flexible photoelectric
devices.

The CNO nanosheets were obtained successfully through a sim-
ple calcination and exfoliation process. Due to the existence of
water-soluble surface ligands (TBA'), the CNO nanosheets have
good stability and dispersion in deionized water for one year.
Fig. 3(a) shows the schematic diagram of the preparation process
for the FM@CNO. In order to obtain flexible free-standing CNO film,
the composite of CNO nanosheets film and filter membrane can be
obtained by vacuum filtration of CNO nanosheets colloidal suspen-
sion for one hour. After overnight drying in a desiccator, the upper
free-standing CNO film is easily removed from the filter membrane
by using tweezers carefully, as shown in Fig. 3(b). However, the up-
per free-standing CNO film shows poor flexibility. Unexpectedly, it
is found that the lower filter membrane is observed to have CNO
nanosheets with nanometer lateral scale in its pores, as exhibited
in Fig. 3(c). It can be observed clearly that a considerable num-
ber of CNO nanosheets are tightly adsorbed on the filter mem-
brane surface. In high-resolution SEM images, a large number of
nanosheets with different sizes are filled in the pores of the filter
membrane by vacuum filtration, as seen in Fig. 3(d). Due to the
small scales of the ultrathin sheets, the flexible CNO nanosheets
can adjust their shapes to match the pore size of the filter mem-
brane. This integration of CNO nanosheets and filter membrane
is simplified and named the FM@CNO. After stripping the upper
CNO nanosheets film, the lower FM@CNO was obtained success-
fully, and the CNO nanosheets were closely stacked and contacted
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Fig. 2. (a, b) XRD patterns of samples after calcination (a) and proton-exchange (b); (c) GIXRD pattern of CNO nanosheets. (d, e) UV-vis absorption spectrum (d) and the
corresponding Tauc curve (e) of obtained CNO nanosheets.
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Fig. 3. (a) Schematic diagram of preparation process for FM@CNO. (b) Photograph of the upper CNO film and the lower FM@CNO. (c, d) SEM images of FM@CNO with
different magnification. Photograph (e), I-V curves (f) and I-t curves (g) of FM@CNO PDs in the initial state and bending state. The I-t curves of FM@CNO PD after various

bending cycles.

with each other in the pores of the filter membrane. This unique at room temperature. As shown in Fig. 3(e), the performance
architecture of FM@CNO provides the possibility for flexible UV of FM@CNO device is measured under initial (the plane state)
photodetecting properties. This architecture is different from other and bending conditions, respectively. And the schematic device
paper-based photodetectors [26,27]. Through this simple filtration- structures are simply illustrated in Fig. S1. The uniformity of the

stripping process, we provide a novel architecture system to inte- FM@CNO UV PDs can be qualitatively explained by a vacuum fil-
grate 2D materials and filter membranes for future wearable elec- tration time. The current-time (I-t) curves of FM@CNO UV PDs
tronic devices. are measured in different filtration time (0.5, 1.0 and 2.0 h). As

The FM@CNO PD is fabricated via deposition of Cr/Au elec- shown in Fig. S2, the FM@CNO devices demonstrate good unifor-
trodes by using mask. Further the photodetecting performance of mity. Therefore, one hour of filtration time is enough to prepare
obtained CNO@FM device is studied using a two-probe method the high performance FM@CNO PDs. Fig. 3(f) exhibits the current

m
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Fig. 4. Photodetecting performance of FM@CNO device at 5 V at 300 nm. (a) Normalized pulse response, (b, c) responsivity and (d) detectivity for the FM@CNO device.

versus voltage (I-V) characteristics of the FM@CNO device in the
dark condition and upon 300 nm light irradiation in a logarith-
mic plot. For initial and bending state of the FM@CNO devices,
the great enhancement in photocurrents are all observed clearly.
The photocurrents can reach 1 nA under 300 nm light irradiation,
which are all much higher than dark currents at 5 V bias. The pho-
tocurrents of the devices are as high as about 350 times the dark
currents at the bias of 5 V. It is noteworthy that the photocur-
rent and the dark current of the initial FM@CNO PD are all slightly
higher than that of the bending FM@CNO PD at 5 V. Hence the
FM@CNO device demonstrates a good light response in the UV re-
gion under the initial and bending conditions. The repeatability is
significant parameter to evaluate a device. Fig. 3(g) exhibits the I-t
features of the initial and bending FM@CNO devices at 5 V with a
periodic 300 nm light irradiation. The I-t curves present that the
initial and bending FM@CNO devices exhibit a reproducible and
rapid photo-response without any noticeable delay. For the initial
FM@CNO PD, the current rapidly increases to 1.5 nA and rapidly
decrease to its initial value of 7.5 pA as the UV light is switched
on and off. For the bending FM@CNO device, the current increases
quickly to the original value of 1.0 nA and declines quickly to the
original value of 5.4 pA as the UV light is turned on and off. Ob-
viously, the initial FM@CNO PD exhibits higher photocurrent and
dark current than those of the bending FM@CNO device. The on/off
ratio can be described as the ratio of photocurrent to dark current
(Ipn/Ig) of a device. The on-off ratios of the initial and bending
FM@CNO devices are calculated to be 200 and 185, respectively.
In addition, the linear I-V curves of the FM@CNO PD in dark and
light illumination are exhibited in Fig. S3, respectively. The working
principle of the device may be clarified through a simplified energy
band diagram. In the dark condition, the contact barriers mainly
determine the electron transport in the channel, leading the de-
vice in an equilibrium state. Under 300 nm light irradiation, the
photocurrent rises linearly and the sample Fermi level down shifts,
producing to a high energy barrier between two contact interfaces.
In that case, the photo-generated electron-hole pairs would occupy
the channel, which demonstrates a high sensitivity to UV light il-
lumination.

Recently optoelectronic devices with flexible characteristics
have experienceded fast development. The flexible FM@CNO de-
vice with large size is facilely fabricated by a simple filtration pro-
cess without any extra additive. As indicated in Fig. 3(h), the I-t
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curves of the FM@CNO PD with a certain bending radian are mea-
sured after various bending circles at 5 V bias under 300 nm light
irradiation. A cycle means that the device bends to a certain ra-
dian by hand from the initial state, and then returns to the initial
state. As the UV light is switched on and off, the photocurrents
of the FM@CNO device with different bending circles all exhibit
high stability and repeatability. As the UV light is switched on and
off, and the currents rapidly increase to 1.6 nA, 1.0 nA and 0.9 nA,
and then rapidly decay to 8.8 pA, 5.4 pA and 2.6 pA, respectively.
The corresponding on-off ratios are calculated as 182, 185 and 350
separately. After 100 bending cycles, the cross-linking and stacking
CNO nanosheets in the pores of filter membrane may be damaged,
which may restrict the transport of photocarriers between adja-
cent sheets. The resistance of FM@CNO PD increases and the corre-
sponding photocurrent and dark current decrease with increasing
the bending cycles. These results reveal that the FM@CNO devices
still maintains excellent photoelectric properties after many bend-
ing cycles. Therefore, this PD indicates great prospect for operation
in wearable electronic devices.

The four key parameters, i.e. response speed (T;/Ty), spectral re-
sponsivity (R, ), specific detectivity (D*) and UV/visible rejection ra-
tio (Rpgo/Rag0), are investigated to characterize the performance of
the FM@CNO device. The rise time (T;) and the decay time (Ty), are
described as time when the photocurrent rises from 10% to 90% of
its peak and the photocurrent falls from 90 to 10% of its peak, re-
spectively. The spectral responsivity (R, ) is described as photocur-
rent per unit of incident light power, indicating how efficiently a
PD responds to optical signals. The spectral detectivity (D*, The
unit is Jones) proves the ability to detect weak light signals from a
noise background. The responsivity and specific detectivity can be
expressed as the following equations:

Iy —1
Ry (1)
R;
e )
(2ely/S)""?

where Iq and Iy, are the dark current and photocurrent, e and A
are the electronic charge and the wavelength of irradiation light, S
and P, represent the effective area under UV light irradiation and
the light power density, respectively. A fast response measurement
system is employed to calculate the accurate time of the FM@CNO
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Fig. 5. (a) Photograph of FM@CNO array device. (b) Schematic diagram of the imaging test for the FM@CNO device. (c) Photocurrent uniformity of 3 x 3 FM@CNO device

pixels, and image-sensing profiles of "T" under 300 nm illumination.

PD utilizing a pulsed laser. Fig. 4(a) exhibits the normalized curve
of this device as a function of time under pulse response. The
rise time and the decay time are measured to be 0.12 ms and
1.24 ms for the FM@CNO PD at 5 V, respectively. Fig. 4(b) and
(d) demonstrate the responsivity and the specific detectivity of the
FM@CNO PD with an incident light wavelength ranging from 500
to 250 nm at 5 V, respectively. As shown in Fig. 4(b), the maxi-
mum responsivity of FM@CNO PD is 0.08 AW~ at 280 nm light
irradiation, indicating a high photodetection for signals in the ul-
traviolet region. As seen in Fig. 4(c), the UV/visible rejection ra-
tio of this device (Ryg0/Ragg) is calculated as 3.86 x 103, revealing
high spectral selectivity in visible blind area. Due to the small ir-
radiation area and suppressed dark current, so the detectivity of
this FM@CNO PD presents a maximum value of 1.1 x 10'2 Jones
(Fig. 4(d)).

Furthermore, the ability of the FM@CNO device for recording
the image information under 300 nm light irradiation was inves-
tigated. Fig. 5(a) shows the photograph of the FM@CNO array de-
vices. Fig. 5(b) demonstrates the schematic diagram of the imag-
ing test and the image sensing array (3 x3 pixels) by employ-
ing one detector for each pixel. Fig. 5(c) shows the photocurrent
of 3 x3 FM@CNO device pixels, demonstrating the excellent pho-
tocurrent uniformity, which is key for achieving high quality im-
ages. The sign with a hollow letter (T) was placed between the
light source and the device array. The clear outlines of “T"were
achieved by illuminating the sign with 300 nm light. These re-
sults suggest FM@CNO devices have potential applications in UV
light imaging [28-30]. In addition, the CNO nanosheets and the
filter membrane both have good stability. In brief, the fabrication
process of FM@CNO photodetecting devices is simple, reproducible,
cost-effective and environmentally friendly. And the FM@CNO de-
vices show superior performance, excellent flexibility, and poten-
tially extensible functionality. Therefore, FM@CNO devices may be
a promising candidate for flexible optoelectronic devices in practi-
cal applications.

4. Conclusion

In summary, the Ca;Nb30;¢ nanosheets were prepared through
a simple solid-state reaction, proton-exchange, exfoliation process.
The Ca;Nb30qp nanosheets can be integrated into the pores of
the filter membrane via a simple vacuum filtration method. The
FM@CNO UV PD shows high performance under 300 light illu-
mination, including high photocurrent (0.08 AW~-1), high detectiv-
ity (1.1 x 102 Jones) and fast speed (0.12/1.24 ms). Furthermore,
the FM@CNO device exhibits excellent flexibility after many bend-
ing cycles. In addition, the FM@CNO array device was used as a
pixel array detector for UV imaging. This work provides a novel ap-
proach to achieve high performance photodetectors based on filter
membrane and two dimensional materials.
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