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Organo-lead halide perovskites have emerged as promising
materials for high-performance photodetectors. However, the tox-
icity of lead cations in these materials limits their further appli-
cations. Here, a flexible photoconductor is developed based on
lead-free two-dimensional (2D) perovskite (PEA),Snl; via a one-
step solution processing method. The flexible transparent electro-
des are patterned from rGO/(PEDOT:PSS) hybrid films. The stability
and reproducibility of the devices are significantly improved on
adding 30 mol% SnF, to the perovskite. The flexible photo-
conductors show a photoresponsivity of 16 AW~ and a detectivity
of 1.92 x 10 Jones under 470 nm illumination, which are higher
than those of most of the similar devices. Besides, the devices
possess much better mechanical flexibility and durability than the
flexible devices with an Au electrode. Finally, this flexible photo-
conductor is applied as a light-stimulated synaptic device and can
mimic the short-term plasticity of biological synapses. This is the
first study to report that lead-free 2D perovskite can be used in
flexible photoconductors and synaptic devices.

Introduction

Organic-inorganic hybrid perovskites have been widely used
as active layer materials in the field of optoelectronics, such as
in solar cells,' light emitting diodes*® and photodetectors.””
In the past few years, photodetectors based on perovskite
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materials have shown good performance because of their good
light absorption and high charge carrier mobility."'" The
solution processability of a perovskite makes it applicable in
the fabrication of low-cost and flexible photodetectors.
However, most reported high-performance photodetectors
consist of lead halide perovskites, typically CH;NH;Pbl;, and
the toxicity issue of lead remains a big issue. There is a
demand to develop lead-free perovskite materials to produce
environmentally friendly devices.

Great effort has been made to replace Pb*" with other
metal cations, such as Sn**,'>"* Ge**,'* Bi** (ref. 15 and 16)
and Sb**."”'® Owing to the similar radii of Pb and Sn ions
(Pb 1.49 A and Sn 1.35 A), Sn-containing perovskites are
widely used in solar cells. But so far only a limited number of
studies have focused on Sn perovskite photodetectors
because of the decreased performance caused by their intrin-
sic defects, Sn-cation vacancies." Sn** can be easily oxidized
into Sn**, leading to self-doping of the material, as well as
the poor stability and reproducibility of the devices.”*?!
Recently, two-dimensional (2D) layered perovskites have
become a potential candidate material for use in high-
performance and stable optoelectronic devices.”>** This kind of
perovskites can be regarded as the derivatives of conventional
3D perovskites formed by replacing small methylammonium
(MA") with large ammonium cations, such as butylammo-
nium (BA') and phenylethylammonium (PEA"). They usually
show excellent air stability since the long organic chains can
block the moisture ingress.>* Tan et al. first reported a photo-
detector based on individual 2D perovskite crystals of
(BA),PbBr,.>*> The lead-free 2D perovskite (PEA),Snl, was
initially utilized in field-effect transistors (FETs) because of
its high carrier mobility.”® Solution-processed (PEA),Snl,
films exhibited a field-effect mobility of 0.62 em* V™' s
Chen et al. used this 2D perovskite (PEA),Snl, to fabricate a
visible light sensitive phototransistor and the device exhibi-
ted an ultrahigh photoresponse.”’” However, the device
couldn’t return to its dark state when the light was off
because of the high conductivity caused by the self-doping
effect. This perovskite shows effective light absorption in the
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visible range, and we think that it could be used in the fabri-
cation of high-performance lead-free photodetectors.

Here, we report for the first time the fabrication of a flexible
photoconductor based on lead-free 2D perovskite (PEA),Snl,
through a one-step approach. The flexible electrodes were pre-
pared by patterning the spin-coated rGO (reduced graphene
oxide)/(PEDOT:PSS) hybrid films on polyethylene terephthalate
(PET) substrates. The conductance of rGO is significantly
enhanced due to the introduction of PEDOT:PSS. Sn vacancies
were effectively reduced by the addition of SnF,. The devices
exhibited a photoresponsivity of ~16 A W', which is higher
than most of the similar perovskite photoconductors. They can
maintain the initial performance after 1500 cycles of bending.
This lead-free photoconductor can be applied in light-con-
trolled memory devices, which can mimic the short-term plas-
ticity of biological synapses due to the existence of Sn
vacancies.

Results and discussion

Fig. 1a shows a schematic illustration of the fabrication of flex-
ible and transparent interdigitated electrodes. The rGO/
(PEDOT:PSS) film was prepared by spin-coating their mixed
solution followed by hydroiodic acid (HI) treatment. The
changes of the hybrid film rGO-P60 (with 60 vol% PEDOT:PSS)
after HI treatment can be detected by X-ray photoelectron spec-
troscopy (XPS) (Fig. S1, ESIf). The S 2p peak with a binding
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energy of 168.2 eV originates from PSS, whereas those at 164.1
and 165.0 eV from the S atoms of PEDOT.”® The intensity
ratios of the S 2p peaks related to PSS and PEDOT decreased
from 1.98 to 1.21 after HI treatment, indicating the loss of PSS
from the film. Partial removal of the PSS component can
increase the film conductivity. In addition, the Raman spec-
trum of the rGO-P60 film shows the obvious incorporation of
PEDOT:PSS (peak at 1433 cm™ ") and a significant reduction of
graphene oxide (GO) (Ip/Ig = 2.15), which can enhance the con-
ductivity of the hybrid film (Fig. S2, ESIT). The surface mor-
phology of the rGO-P60 film was studied by atomic force
microscopy (AFM). The pristine rGO film has a smooth surface
with wrinkles (Fig. S3a, ESIt) while the rGO-P60 film shows an
rGO film with PEDOT:PSS particles (Fig. 1b and Fig. S3b,
ESIT). After rGO/(PEDOT:PSS) coating, the patterns of the inter-
digitated electrodes were then obtained by photolithography
and oxygen plasma etching (for details, see the Experimental
section). The optical microscopy images of the interdigitated
electrodes with different volume percentages of PEDOT:PSS
are shown in Fig. S4 (ESI}). The pure PEDOT:PSS film could
not be patterned by ICP (Inductively Coupled Plasma) etching
because of its bad adhesion to the substrate, which led to
broken and detached fingers (Fig. S4b, ESIf). The rGO/
(PEDOT:PSS) hybrid film exhibits good mechanical strength
and good conductivity. On increasing the PEDOT:PSS content,
the sheet resistance of the hybrid film decreased (Fig. 1c).
However, when the PEDOT:PSS content was more than 60
vol%, the electrode fingers were broken by oxygen plasma
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(a) The fabrication process for rGO/(PEDOT:PSS) electrodes on the PET substrate; (b) AFM image for the rGO-P60 film; (c) sheet resistance

for the films plotted against volume percentage of PEDOT:PSS in the solution; (d) transmittance spectra of rGO/(PEDOT:PSS) films.
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(Fig. S4ff). So we used the rGO-P60 film to prepare flexible
electrodes. An enlarged SEM image of the electrode fingers
and the width are shown in Fig. S5 (ESIT). The transparency of
the hybrid film was also studied. As shown in Fig. 1d, films
with 0-60 vol% PEDOT:PSS exhibit good transmittance (>90%
in the visible light range). The transmittance of the electrode
substrate was around 80% in visible light (Fig. S6, ESIT).

The (PEA),Snl, solution was deposited onto the flexible
electrodes via spin-coating. The crystal structure of (PEA),Snl,
is illustrated in Fig. 2a. The inorganic layers comprise a single
sheet of corner-sharing metal-halide octahedral, sandwiching
layers of PEA" cations. Here we used the addition of SnF, to
reduce the metallic conductivity of Sn perovskites. The X-ray
diffraction (XRD) patterns of the perovskite film without or
with 20-40 mol% SnF, display the same peaks at 5.4°, 10.8°,
16.2°, 21.8°, 27.4°, 33.0°, and 38.6°, which can be ascribed to
the respective diffraction from the (0 0 [) (I = 2, 4, 6, 8, 10, 14)
planes of the crystal (Fig. 2b). This indicated that the
(PEA),Snl, crystal possesses a layered structure. The addition
of SnF, did not result in a significant variation in the lattice
parameters. F~ didn’t substitute any I~ in the crystal due to
the much smaller ionic radii of F~ than I".>° The steady-state
photoluminescence (PL) spectrum of the perovskite film
without or with 20-40 mol% SnF, exhibited the same peak at
627 nm (Fig. 2c), suggesting that SnF, did not change the
bandgap of the perovskite film. X-Ray photoelectron spec-
troscopy (XPS) was used to check the change of the perovskite
component after adding SnF,. As shown in Fig. 2d, the two
peaks deconvoluted from the Sn 3d XPS spectra at 486.4 and
487.2 eV are associated with Sn** and Sn®", respectively.*®
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Films with 30 mol% SnF, exhibited a much lower amount of
Sn*" compared with the pristine perovskite film, implying a
reduction of Sn vacancies with the addition of SnF,. Actually,
SnF, in Sn perovskites can increase the Sn chemical potential,
which can increase the formation energy of Sn vacancies, redu-
cing the concentration of these intrinsic defects.”® The
reduction of Sn vacancies was also confirmed by time-resolved
photoluminescence (TRPL) decay curves (Fig. S7, ESIt). The PL
decay in the pristine perovskite film was faster than that in the
film with SnF,, implying a strong recombination in the pris-
tine film. The influence of SnF, addition on the film mor-
phology was also investigated by scanning electron microscopy
(SEM). Top view SEM images in Fig. 2e indicate a smooth
surface of the pristine (PEA),Snl, film. 30 mol% addition of
SnF, caused a change in grain shape. A higher content of SnF,
led to more white particles on the film surface (Fig. S8d, ESIT).
These particles might be new Sn-I-F compounds, according to
the enlarged XRD patterns in Fig. S9 (ESIt).

The device architecture is illustrated in Fig. 3a. The photo-
response behaviour of the device was first studied under the
illumination of 470 nm monochromatic light. A pristine
(PEA),Snl, device had a high dark current because Sn
vacancies caused metallic conduction (Fig. S10a, ESIf).
Although the device responds to 470 nm illumination effec-
tively, the photocurrent decays under continuous 5 V bias
voltage. The vacancy migration might interrupt the conducting
channel. After the addition of SnF,, the amount of Sn
vacancies was reduced and the device became less conductive
but more stable (Fig. S10b-d, ESIf). The perovskite with
30 mol% SnF, was used to study the photoresponse perform-
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Fig. 2 (a) Crystal structure of 2D layered (CgHsCH,CH,NH3),Snl,4 (orange balls, tin atoms; yellow balls, iodine atoms; blue balls, nitrogen atoms;
dark grey balls, carbon atoms; light grey balls, hydrogen atoms); (b) XRD patterns of perovskite films with different SnF, contents; (c) photo-
luminescence spectra of perovskite films with different SnF, contents; (d) Sn 3d XPS spectra of perovskite layers without (top) or with (bottom)
30 mol% SnF,. Top-view SEM image of the perovskite film without (e) or with (f) 30 mol% SnF,.
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Fig. 3 Photoresponse of the (PEA),Snl, flexible photoconductor. (a) The structure of a (PEA),Snl, flexible photoconductor; (b) /I-V curves in the
dark or under different irradiances (470 nm); (c) plots of the photocurrent and photoresponsivity against irradiance at 5 V bias (470 nm light); (d)
absorption spectrum of the perovskite film (with 30 mol% SnF;) and the corresponding photoresponsivity at 470 nm, 590 nm and 660 nm (130

pWem™

Zirradiance, 5 V bias); (e) the time dependence of current for the flexible device at 5 V bias (412 pW cm™~

2 irradiance at 470 nm, with 5 s inter-

vals); (f) plots of photoresponsivity against the bending cycle number for the flexible device with the Au electrode or the rGO-P60 electrode

(5.5 mm radius, 412 pyW cm™2 irradiance at 470 nm).

ance of the flexible devices. The concentration of the perovs-
kite precursor solution was optimized to 0.3 mol L™" (Fig. S12,
ESIt). Fig. 3b shows the typical I-V curves of a device in the
dark or under different irradiances at 470 nm. The plots indi-
cate an ohmic contact between the (PEA),Snl, film and rGO/
(PEDOT:PSS) electrodes. The highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) energy levels of the (PEA),Snl, film, and the work
functions of the (PEA),Snl, film and electrodes were measured
by ultraviolet photoelectron spectroscopy (UPS) (Fig. S13 and
S14a, ESIt). The energy level diagram of the two materials is
shown in Fig. S14b (ESIt). On decreasing the light irradiance,
the photocurrent decreased, while the photoresponsivity
increased (Fig. 3c). At a bias voltage of 5 V and a light irradi-
ance of 56.9 pW cm™?, this device delivered a photo-
responsivity (R) of 16 AW™". The corresponding specific detec-
tivity (D*) was calculated to be 1.92 x 10"" Jones based on its
noise current (I,) (Fig. S15, ESIf). The performance of this

device is much better than that of most of the reported flexible
perovskite photoconductors (Table 1). The photoconductive
gain in the device resulted from the high charge carrier mobi-
lity of (PEA),Snl, and good ohmic contact between perovskite
and the electrodes.

The photoresponse characteristics of the device were inves-
tigated at 470 nm, 550 nm and 660 nm with a fixed irradiance
of 130 pW cm™2 at 5 V bias. As shown in Fig. 3d, the photo-
responsivity of the device at different wavelengths correlates to
the absorption spectrum of the (PEA),Snl, film. Fig. 3e shows
the photoswitching performance of this perovskite photo-
conductor. The current was measured at 5 V bias under an
irradiance of 412 pW ecm™2 at 470 nm with 5 s intervals. When
the light was on, a sudden increase of current was detected,
which resulted from the photocurrent generated in the perovs-
kite film. The rise time was determined to be ~0.63 s (Fig. S16,
ESIT). The photocurrent was dominated by holes because a
part of the electrons could be trapped in Sn vacancies.

Table 1 Comparison of the critical parameters of flexible perovskite photodetectors

Structure Wavelength [nm] R[mAW ] Rise time [ms] Decay time [ms] Ref.
PET/MAPDI; NW/silver paste 532 3x107* 120 210 31
PET/Au/MAPDIL;/PDPP3T 650 ~100 40 140 32
PET/Au/MAPDI; 650 100 0.3 0.4 33
C/TiO,/MAPbI;/Spiro/Au 550 101.5 <200 <200 34
ITO/MAPDI;/ITO 365 3.49 x 10° <200 <200 35
780 36.7 <100 <100
(rGO/PEDOT:PSS)/(PEA),Snl, 470 1.6 x 10" 630 3600 This work
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However, when the light was off, the photocurrent decreased
slowly and showed a relatively long relaxation time (~3.6 s).
This long decay time of the device was caused by the slow
release of electrons trapped in the vacancies.”

The flexibility of this device was compared with a device on
the Au/PET electrode. Without bending, the higher responsiv-
ity of Au devices (Fig. 3f) was due to the higher conductivity of
Au, energy level matching of Au and perovskite (Fig. S14bt)
and fewer defects at the Au/perovskite interface. However,
when the device was bended repeatedly to a radius of 5.5 mm,
the performance of the Au device decreased continuously,
while the rGO/(PEDOT:PSS) device showed nearly no change
with the bending cycles increasing. After 1500 bending cycles,
the performance of the Au device decreased to the same level
of the rGO/(PEDOT:PSS) device and it will decrease more on
further bending cycles. The devices with rGO/(PEDOT:PSS)
electrodes have much better mechanical flexibility and dura-
bility. The inset of Fig. 3f is a picture of the flexible device with
the rGO/(PEDOT:PSS) electrode.

Though the inevitable Sn-cation vacancies lead to a rela-
tively long decay time when illumination is off, this perovskite
can be used in synaptic devices. The biological synapses can
store and process information simultaneously via tuning the
connection between two neighboring neurons. Inspired by this
system, many artificial synaptic devices have been developed
based on either transistors*®?” or memristors.>®**° However,
conventional synaptic devices work separately from the data

View Article Online
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acquisition sensors. The gap between current neuromorphic
computing and effective signal convertors drives us to explore
new structures and multifunctional elements to improve the
efficiency of neural computation. Light stimulus can offer
ultrafast processing speeds, robustness and superior connec-
tivity between discrete computing modules.’® In biological
synapses, information can be transmitted between neurons via
sending neurotransmitters from the presynaptic neuron to the
postsynaptic neuron (Fig. 4a). In our proof-of-concept light
stimulated synapse device (Fig. 3a), the light pulse can be
regarded as pre-synaptic stimuli and the current as the synap-
tic weight. Light pulses can be transmitted to the device by
generating an excitatory postsynaptic current (EPSC). In neuro-
science, the synaptic modification relies on the spike duration
time or spike rate. The duration-time-dependent AEPSC of the
device are shown in Fig. 4b. AEPSC increased from 0.8 pA to
7.0 pA when increasing the light pulse duration time from
1 ms to 200 ms. Then, a series of light pulses with the same
duration time (10 ms) but different irradiances were applied
on the device. AEPSC decreased from 3.7 pA to 1.7 pA with
decreasing irradiance (Fig. 4c). These phenomena are quite
similar to those in a biological excitatory synapse.*'

The efficiency of the human brain depends on synaptic
plasticity, which is the biological basis for the brain to learn,
memorize, and forget.>® Synaptic plasticity can be categorized
into two types, short-term plasticity (STP) and long-term plas-
ticity (LTP), based on the retention time.*”> The STP is a
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Fig. 4 (a) Schematic illustration of a biological synapse; (b) AEPSC under a 470 nm light pulse with different pulse durations (40 pW cm™2 irradi-
ance); (c) AEPSC under several 470 nm light pulses with the same duration time (10 ms) and different irradiances (39.2, 19.1, and 3.4 W cm™2); (d)
AEPSC under 10 light pulses with time intervals of 200 ms (including 10 ms duration time). The inset is a histogram of frequency-dependent EPSC
gain (A10/A,); (€) AEPSC under 100 light pulses with time intervals of 50 ms (including 10 ms duration time); (f) the scheme for the work mechanism
of the 2D perovskite based synaptic device (white balls for vacancies; black balls for electrons; green balls for holes).
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temporal memory of the synaptic connection, which lasts for
several minutes or less and finally returns to the initial state.
The dynamic synaptic behaviors of our device were studied
(Fig. 4d). When the device was simulated by 10 light pulses
with time intervals of 200 ms (including a light duration time
of 10 ms), the peak value of EPSC triggered by one pulse was
larger than the previous one. And when the light was off, the
EPSC decayed to the initial current. This can be regarded as a
mimic of the STP of a biological excitatory synapse. The fre-
quency dependent synaptic transmission was studied using 10
light pulses with different frequencies (2 Hz, 5 Hz, 10 Hz, and
20 Hz, Fig. S17, ESI}). The light pulse frequency dependence
of EPSC gain (A;0/4,) is shown in Fig. 4d. The gain increased
with the increasing frequency. Fig. 4e shows the AEPSC
changes with time (100 light pulses, 20 Hz frequency), and the
current can get saturated. Fig. S18f also indicates the good
working stability of the device.

The working mechanism of this synaptic device relates to
the Sn vacancies in (PEA),Snl, perovskite material. When the
first light pulse was on, the free charge carriers were generated,
and some electrons could be trapped by those vacancies. The
trapped electrons could lead to an augment of the number of
holes generated by the second pulse.”’ According to this
mechanism, the device performance is quite similar to the
STP behavior of the biological synapse.

Conclusions

In summary, a flexible photoconductor based on lead-free 2D
perovskite (PEA),Snl, was developed via a solution processing
approach. The transparent flexible electrodes were made by
patterning the rGO/(PEDOT:PSS) hybrid film on PET sub-
strates. In order to reduce Sn vacancies in the material,
30 mol% SnF, was added, and the devices presented high
stability and reproducibility. The device demonstrated a photo-
responsivity of 16 AW " and a detectivity of 1.92 x 10"" Jones
under 470 nm light illumination. This photoconductor may be
used as a light stimulated synaptic device. Further work will
focus on the study of the LTP and inhibitory behavior of 2D
perovskite based devices.
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