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In this work, we aim to fabricate a highly stable and flexible per-
ovskite paper photodetector based on a Zn-doped MAg gFA 4Pbls
perovskite and CNC. The paper photodetector has been success-
fully synthesized by the vacuum filtration method and deposited
with interdigitated electrodes. The paper photodetector exhibits a
significant photoresponse with a responsivity of 0.23 A W~ under
650 nm light irradiation when operated at 5 V. The stability of the
paper photodetector has also been tested and it shows high
photoresponse after 30 days under ambient conditions. Therefore,
this paper photodetector holds promise for developing efficient,
stable, and flexible optoelectronic devices in the future.

Introduction

Halide perovskites have attracted extensive attention in recent
years due to their outstanding properties in the development of
various optoelectronic devices including photodetectors, solar
cells, light-emitting diodes (LEDs), and field effect transistors
(FETs)."™ Despite their great performance in terms of a wide
absorption range, narrow emission width, high wavelength tun-
ability, ultrahigh quantum yield, and hysteresis-free behavior, the
stability problem has remained a major challenge for their practi-
cal application.”” Halide perovskite materials suffer from various
instability problems including structural, interfacial, and environ-
mental instabilities. Recently, many studies have been carried out
to improve the interface stability of perovskite light emitting/con-
version or photodetection devices through various passivation
methods. For perovskite nanocrystal-based light emitting devices,
conventionally used capping ligands such as oleic acid and oleyla-
mine exhibit a dynamic nature which makes them highly sensitive
to moisture. Therefore, strategies such as phthalimide passivation,
benzoic acid treatment, and ascorbic acid post-treatment have
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been applied to increase the stability as well as the quantum yield
of perovskite nanocrystals.** For photodetection devices, small
organic molecules such as sec-pentanol have been used as polar
additives to improve the crystallization of the perovskite films and
reduce the grain boundaries."® A fluorous polymer has also been
used on the perovskite film as a light protective layer.'® Ye et al.
used the amino groups of 1H,1H-perfluorooctylamine (PFA) to
bind with the Pb>" of perovskite microwires. The hydrophobic
fluorocarbon alkyl chains in PFA can prevent the perovskite micro-
wires from moisture. The PFA-modified device retained 80% of its
initial performance after 30 days under ambient conditions."” Ma
et al. mixed poly[48-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-
b;4,5-b'|dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-
blthiophene-2-carboxylate-2-6-diyl)] (PCE10) and polystyrene (PS)
with the precursor solution. These polymers with a large dipole
moment can suppress the ion migration of the device, resulting in
stability enhancement."®

Paper is a flexible material that is light weight, bio-
degradable, and recyclable. Recently, various paper electronics
including transistors, diodes, photodetectors, memory devices,
photovoltaics, and even batteries have been developed.'®*
Therefore, with the development of paper electronics, the pro-
perties and processing of cellulose materials play important
roles in the mechanical properties and electrical properties, as
well as the biodegradability and environmental compatibility
of the devices. Among various cellulose based materials, cell-
ulose nanocrystals (CNCs) have been reported to exhibit a
large surface area, a high aspect ratio, high mechanical
strength, and adjustable surface chemistry.>>*® In addition,
CNCs can be obtained through the acid hydrolysis of cellulose
to form hybrids with other nanomaterials including nanocrys-
tals, nanowires, and nanoplatelets. Previously, we have shown
that CNC surface-passivated halide perovskites possess better
stability and optical characteristics. The organosulfate groups
on CNCs with high electronegativity can attach to the exposed
Pb ions of halide perovskite nanocrystals and reduce the trap-
ping states caused by halide vacancies.””

In the development of flexible devices, most of the flexible
optoelectronic devices are fabricated simply using flexible sub-
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strates such as polyimide (PI), polyethylene terephthalate
(PET), polymethyl methacrylate (PMMA), or papers with elec-
trodes, transport layers, and active layers on top of them."?®
Therefore, additional packaging techniques should be applied
to further protect the device from degradation. By adopting
substrate-free fabrication techniques, electronic circuits and
devices can be fully embedded within the matrix for further
reducing the manufacturing waste, cost, and weight of the
device. These properties are in high demand in applications
such as e-skin and wearable electronics.”® Recently, CNCs with
controllable conductivity have been achieved by performing
functionalization techniques to form functional groups.>*?*®
Moreover, hydrophilic and hydrophobic properties can also be
adjusted through various functionalization techniques. Apart
from the encapsulation of electronic devices, it is expected
that CNCs can play an important role in improving the inter-
face stability.

In our perivous study, we have shown that the performance
of CsPbl; perovskite quantum dots can be efficiently enhanced
by doping Zn due to the improved structural stability of
iodide-based perovskites.*® Moreover, excess Znl, can form an
iodide-rich condition during paper fabrication to facilitate the
formation of perovskite crystals. Herein, we combine the
advantage of CNCs and Zn dopants to synthesize highly stable
Zn-doped MA, ¢FA, 4PbI;/CNC papers. The technique can be
applied to fabricate substrate-free and flexible photodetectors
by directly depositing a metal electrode on the as-synthesized
perovskite paper. The paper photodetector exhibits a signifi-
cant photoresponse with a responsivity of 0.23 A W' under
650 nm laser irradiation when operated at 5 V. The photo-
response retains 65% of its original value after 30 days under
ambient conditions. In addition, the responsivity of the paper
photodetector retains ~80% of its original value after 3000
bending cycles. Due to its high stability and flexibility, the per-
ovskite paper photodetector shows great potential for long-
term operation of photodetector devices.

Results and discussion

Fig. 1a shows the structure of the Zn-doped MA, ¢FAq 4Pbl;/
CNC paper. The presence of organosulfate groups with high
electronegativity on CNCs (-OSO;~) can provide a strong
binding strength to the exposed Pb on the surface of perovs-
kite crystals and stabilize the structure of perovskites to
achieve surface passivation. In addition, the long carbon
chains and hydrogen bonds between CNCs can also prevent
perovskites from oxygen and moisture-induced degradation.
The photographic images of the bare CNC paper and the Zn-
doped MA, ¢FA, 4PbI;/CNC paper are shown in Fig. 1b. The
bare CNC paper is highly transparent and the Zn-doped
MA, ¢FA, 4PbI3;/CNC paper is extremely dark, showing great
potential in light absorption. Fig. 1c shows the schematic of
the fabrication process of the paper photodetector. The details
of the experimental procedure are further explained in the
Experimental section. The absorbance spectra and of the bare
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Fig. 1 (a) Schematic of a Zn-doped MAg gFA( 4Pbls/CNC structure. (b)
Photographic images of bare CNC and Zn-doped MAg ¢FAq 4Pbls/CNC
papers. (c) Experimental procedure and photograph of the paper
photodetector.

CNC paper, the Zn-doped MAPDbI;/CNC paper, and the Zn-
doped MA, ¢FA, 4PbI;/CNC paper are shown in Fig. 2a. It can
be observed that the absorbance of the Zn-doped
MA, 6FA, 4PbI;/CNC paper exhibits a wider absorption wave-
length range than those without FA®, indicating its broadband
absorption behavior. The fluorescence spectra of Zn-doped
MA, 6FA, 4PbI;/CNC and Zn-doped MAPDI;/CNC papers are
also shown in Fig. 2a (dashed line). The emission peaks of Zn-
doped MA, ¢FA, 4PbI;/CNC and Zn-doped MAPbI;/CNC papers
are around 809 nm and 762 nm, respectively. The optical band
gap was determined using the Tauc plot (Fig. 2b) and the cal-
culated value is around 1.49 eV. The X-ray diffraction (XRD)
patterns of the bare CNC paper, Zn-doped MA, ¢FA, 4PbI;/CNC
paper, and Zn-doped MA,¢FA( Pbl; paper are shown in
Fig. 2c. The diffraction peaks of the bare CNC paper at 15° and
22° correspond to the (110) and (200) planes of CNCs,
respectively.””?° The diffraction peaks of the Zn-doped
MA, ¢FA, 4PbI;/CNC paper are 15°, 21°, 25°, 28.4°, 31.8°, 35°,
40.5°, and 43°, which correspond to the (110), (112), (211),
(220), (310), (312), (224), and (330) planes of the Zn-doped
MA, ¢FA, 4Pbl; perovskite. However, the (110) and (211) peaks
of the Zn-doped MA, ¢FA, 4PbI;/CNC paper overlap with the
(110) and (200) peaks of CNC due to the broader peak width of
CNC.

The scanning electron microscopic (SEM) images of the Zn-
doped MA, ¢FA, 4PbI;/CNC paper and Zn-doped
MA, ¢FA, 4PbI; films are shown in Fig. 3a and b, respectively.
The size of perovskite crystals in the Zn-doped MA, ¢FA, 4PbI;
films is around 2-8 pm. On the other hand, the size of perovs-
kite crystals in the Zn-doped MA, ¢FA, 4Pbl;/CNC paper is

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Absorbance spectra of bare CNC, Zn-doped MAg ¢FA( 4Pbls/CNC, and Zn-doped MAPbIs/CNC papers and fluorescence spectra of Zn-
doped MA ¢FA( 4Pbls/CNC and Zn-doped MAPbIs/CNC papers (dashed lines). (b) Tauc plot of the Zn-doped MA ¢FA( 4Pbls/CNC paper. (c) XRD
patterns of bare CNC, Zn-doped MAq ¢FA( 4Pbls/CNC papers, and Zn-doped MA, gFAq 4Pbls films.

<1 pm due to the growth limited by CNC. The transmission
electron microscopy (TEM), high resolution transmission elec-
tron microscopy (HRTEM), and fast Fourier transform (FFT)
images of the Zn-doped MA, ¢FA, 4PbI3/CNC paper and Zn-
doped MA, ¢FA, 4PbI; are shown in Fig. S2.7 The d-spacing of
(220) in the Zn-doped MA,¢FA, PbI;/CNC paper has
been found to be around 0.32 nm, which is consistent with
that obtained in Zn-doped MA,¢FA, 4PbI; without CNC
(0.318 nm).

For device fabrication, 5 nm/95 nm of Ti/Au was deposited
on the paper through electron-beam evaporation with interdi-
gitated electrode patterns defined by a shadow mask. The
photographs of the paper before and after electron-beam evap-
oration are shown in Fig. Sla.f It can be observed that the
appearance of the paper does not obviously change after the
evaporation process. Moreover, the XRD patterns of the paper
before and after electron beam evaporation were collected and
are shown in Fig. S1b.} The diffraction peaks of the paper
show similar patterns before and after the evaporation, indi-
cating that the structure of the perovskite crystals does not
change after the evaporation process.

Fig. 3 (a) SEM image of the Zn-doped MAgFA 4Pbls film. (b) SEM
image of the Zn-doped MAg ¢FA( 4Pbls/CNC paper.

This journal is © The Royal Society of Chemistry 2023

Fig. 4a, b, and c show the characteristic curves of the paper
photodetector under 450 nm, 520 nm, and 650 nm laser light
irradiation, respectively. It can be observed that the current
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Fig. 4 |-V curves of the paper photodetector under dark and light illu-
mination conditions at (a) 450 nm, (b) 520 nm, and (c) 650 nm laser
irradiation. Power density dependent responsivity of the paper photo-
detector under (d) 450 nm, (e) 520 nm, and (f) 650 nm laser irradiation.
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increases with increasing power density of the excitation
laser. Fig. 4d, e, and f show the photoresponsivity as a func-
tion of power density and bias voltages (operated from 3 V to
5 V) under 450 nm, 520 nm, and 650 nm laser light
irradiation, respectively. It can be observed that responsivity
decreases rapidly with increasing power density due to the
decreasing empty states in the conduction band. The highest
photoresponse of 0.23 A W' (with 650 nm laser irradiation)
can be observed under a power density of 0.3 mW cm™> at
an applied bias voltage of 5 V. As shown in Fig. 5a, the
current-time (I-t) curves of the paper photodetector were
obtained from 1 V to 5 V at an interval of 1 V under 650 nm
(35 mW cm™?) laser irradiation. Based on the results, the
device exhibits good photocurrent stability, fast response,
and consistent response in numerous ON-OFF cycles.
Additionally, the paper photodetector exhibits a fast temporal
photoresponse. The rise and fall time are 600 ps and 709 ps,
respectively (Fig. 5b).

In order to demonstrate the flexibility of the paper photo-
detector, bending test has been carried out and the sche-
matic is shown in Fig. 6a. The paper photodetector is
bended from flat to curved (angle of bend = 180°) and then
back to flat as a bending cycle. The result of the bending
test was recorded and is shown in Fig. 6b. The relative
responsivity is defined as the responsivity divided by the
initial responsivity. The responsivity of the paper photo-
detector remains at 94%, 87%, and ~70% of the original
value after 500, 1000, and 3000 bending cycles, respectively.
The curve shows a linear degradation after each bending
cycle. Fig. 6¢ shows the stability test results of the bare Zn-
doped MA,¢FA, 4PbI; film on a SiO,/Si substrate and the
paper photodetector. The responsivity of the paper photo-
detector retained 65% of its original value after 30 days
under ambient conditions (temperature of 25 °C and relative
humidity of 70%), whereas the bare Zn-doped MA, ¢FA, 4Pbl;
film on the substrate quickly degrades to 0% in only 3 days.
Moreover, doping Zn into iodide-based perovskites can
further enhance the stability. Fig. S3a and S3bt{ show the
photographs of the Zn-doped MA,¢FAq 4Pbl; film and the
MA, 6FA, 4PbI; film under ambient conditions immediately
after drop-coating (0 h) and after 20 h. The color of the
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Fig. 5 (a) Time response at various applied voltages under 650 nm laser
irradiation. (b) /-t curve of the paper photodetector in a cycle.
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Fig. 6 (a) Schematic of the bending test of the paper photodetector. (b)
Stability of the paper photodetector after various bending cycles. (c)
Stabilities of the paper and bare Zn-doped MAg¢FA( 4Pbls photo-
detectors under ambient conditions. (d) EQE of the paper photo-
detectors under 450 nm, 520 nm, and 650 nm laser irradiation.

undoped MA, ¢FA, 4Pbl; film has changed after 20 h due to
degradation. Therefore, the enhanced stability of the paper
photodetector can be attributed to the combination of the
long carbon chain of CNC, the strong binding strength
between the organosulfate (-OSO;™) groups of CNC, and Zn
dopants within the perovskite structure.

Fig. 6d shows the calculated external quantum efficiency
(EQE) under 450 nm, 520 nm, and 650 nm laser irradiation
using the following equation:

EQE = (1)

where R is the responsivity, £ is the Planck constant, ¢ is the
light velocity, 1 is the wavelength of incident light, and e is the
elementary charge. The EQE values are 45.1%, 45.8%, and
42.2% under 450 nm, 520 nm, and 650 nm laser irradiation,
respectively. Comparing the above-mentioned properties to
those of other flexible photodetectors previously reported
(Table 1), the paper photodetector in this work is substrate-
free, it can save the cost of the substrate and also simplify the
fabrication process. In addition, the paper photodetector
shows a good value in responsivity comparing to the other
works. In bending stability, the paper photodetector shows a
perfect performance comparing to other works. Based on the
result of comparison, the performance of the Zn-doped
MA, ¢FA,. 4PbI3/CNC paper photodetector shows highly com-
petitive and good potential for further applications.

This journal is © The Royal Society of Chemistry 2023
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Table 1 Photodetection properties and bending stability of various flexible photodetectors. T, and T; represent the rise time and the fall time of the

devices, respectively

Substrate Bias Response R Bending Bending Bending

type Devices voltage range (AW™) cycles  condition stability Response time Ref.
PI Au/MAPDI;/Au 0 300 nm  0.0022 — R=3.7mm — T, =27.2, Tr=26.2 (ms) 31
PET Au/MAPbI;/Au 10 650 nm 0.1 10000 6 =40° 90% ~0.3 ms 32
PEN Au/P(VDF-TrFE)/MAPDI; nanowires/Au 0 650 nm  0.012 100 6 =45° ~75% T, = 88, Ty = 154 (ps) 33
PET ITO/MAPbDI;/Al 26 459 nm  0.004 — R=5mm 66% T, = 50, Ty = 120 (ps) 34
PET Au/PbPc/MAPDI,_,Cl,/Au 50 655nm  0.152 1000 R=6.5mm ~99%  T.=632, T=680 (us) 35

6 =80°

PEN Au/MAPDI,/RhB/Au 5 550 nm  0.0426 1000 R=9mm 92.7% T.= 60, T¢= 40 (ms) 36
PEN Au/P(VDF-TrFE)/MAPbI;/Au 0 650 nm  0.02 200 6 =120° ~90% T, =92, Ty =193 (ps) 37
Substrate-free Au + Ti/MAPbI; + CNC/Ti + Au 5 650 nm  0.23 1000 R=2mm 87% T, = 600, Tr =709 (ps)  This

Conclusions

In summary, we have demonstrated the synthesis, characteriz-
ation, and fabrication of a Zn-doped MA, ¢FA, 4Pbl; perovskite
paper photodetector. It is shown in the bending test that the
paper photodetector retains 70% of its initial responsivity after
3000 bending cycles. In addition, the responsivity of the device
retains 65% of its initial value after 30 days under ambient
conditions. Moreover, the paper device exhibits a considerable
responsivity of up to 0.23 AW . As a result, the substrate-free,
flexible, stable, broadband, and high responsivity paper photo-
detector holds the potential for the future development of
optoelectronic and photosensing devices.

Experimental section

Chemicals

Methylammonium iodide (MAI, FMPV, 99%), formamidinium
iodide (FAI, FMPV, 99%), zinc iodide (Znl,, SHOWA, 98%),
lead iodide (PbI,, ACROS, 99%), cellulose nanocrystals (CNC,
Celluforce), dimethylformamide (DMF, Echo, 99%), and de-
ionized (DI) water were used.

Preparation of the dispersed CNC solution

5 wt% of a CNC/DI water mixture was prepared by dissolving
CNC powders in DI water. Then, an appropriate amount of the
as-prepared CNC/DI water mixture was dispersed in DMF to
prepare 1 wt% of dispersed CNC solution. The solution was
kept at room temperature for subsequent procedures.

Preparation of the Zn-doped MA, ¢FA, 4PbI; precursor solution

To prepare the Zn-doped MA, ¢FA, 4Pbl; precursor solution,
2.4 mmol of MAI, 1.6 mmol of FAI, 4 mmol of Pbl,, and
0.4 mmol of Znl, were dissolved in 5 mL of DMF. The precur-
sor solution was kept stirred until all the powders were com-
pletely dissolved. The precursor solution was then kept at
room temperature for subsequent procedures.

This journal is © The Royal Society of Chemistry 2023
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Preparation of the Zn-doped MAPbI; precursor solution

To prepare the Zn-doped MAPbI; solution, 4 mmol of MAI,
4 mmol of Pbl,, and 0.4 mmol of ZnI, were dissolved in 5 mL
of DMF. The precursor solution was kept stirred until all the
powders were completely dissolved. The precursor solution
was then kept at room temperature for subsequent procedures.

Preparation of the MA, ¢FA, 4Pbl; precursor solution

To prepare the MA, ¢FA, 4PbI; precursor solution, 2.4 mmol of
MAI, 1.6 mmol of FAI, and 4 mmol of PbI, were dissolved in
5 mL of DMF. The precursor solution was kept stirred until
all the powders were completely dissolved. The precursor solu-
tion was then kept at room temperature for subsequent
procedures.

Fabrication of the Zn-doped MA, ¢FA, 4PbI; photodetector

1 mL of the Zn-doped MA, ¢FA, 4Pbl; precursor was directly
dropped on the SiO,/Si substrate and dried on a hot plate at
80 °C overnight. 5 nm/95 nm of Ni/Au was deposited on the
paper through electron beam evaporation with interdigitated
electrode patterns defined by a shadow mask.

Fabrication of the Zn-doped MA, ¢FA, ,PbI;/CNC paper
photodetector

5 mL of the as-prepared precursor and 5 mL of the as-prepared
dispersed CNC solution were mixed and stirred to obtain a
homogeneous mixture. Afterwards, the mixture was poured
into a Buchner funnel with a 0.02 pm pore size ceramic filter
to perform vacuum filtration. This procedure was kept on until
all of the remaining solvent was drained for 30 min. Then the
paper was dried at 60 °C in an oven for 24 h until the paper
can be easily separated from the ceramic filter. For device fab-
rication, 5 nm/95 nm of Ti/Au was deposited on the paper
through electron beam evaporation with interdigitated elec-
trode patterns defined by a shadow mask. The active area of
the device is ~0.27 mm” defined by the open area between the
interdigitated fingers.

Characterization

The crystal structures of the papers were measured using a D2
phaser X-ray diffractometer (Bruker). The photoluminescence
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spectra of the papers were recorded using a spectrofluorometer
(JASCO FP8500). The transmittance and absorbance spectra of
the papers were recorded using a UV-vis-NIR spectrophoto-
meter (JASCO V670). The characteristic curves of paper photo-
detector were confirmed using a sourcemeter (Keithley 2612B)
with a probestation and power tunable laser light sources
(450 nm, 520 nm, and 650 nm). The light powers were
measured using a power meter (LP10, SANWA, Japan). The
transmission electron microscopy and high-resolution trans-
mission electron microscopy images were collected using an
FEI (Thermo Fisher Scientific), Talos F200XG2. The scanning
electron microscope images were collected using a JEOL
7900F.
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