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A flexible capacitive photoreceptor for the
biomimetic retina
Mani Teja Vijjapu 1, Mohammed E. Fouda 2,3, Agamyrat Agambayev1,4, Chun Hong Kang 5, Chun-Ho Lin5,
Boon S. Ooi5, Jr-Hau He 5,6, Ahmed M. Eltawil2,3 and Khaled N. Salama1✉

Abstract
Neuromorphic vision sensors have been extremely beneficial in developing energy-efficient intelligent systems for
robotics and privacy-preserving security applications. There is a dire need for devices to mimic the retina’s
photoreceptors that encode the light illumination into a sequence of spikes to develop such sensors. Herein, we
develop a hybrid perovskite-based flexible photoreceptor whose capacitance changes proportionally to the light
intensity mimicking the retina’s rod cells, paving the way for developing an efficient artificial retina network. The
proposed device constitutes a hybrid nanocomposite of perovskites (methyl-ammonium lead bromide) and the
ferroelectric terpolymer (polyvinylidene fluoride trifluoroethylene-chlorofluoroethylene). A metal-insulator-metal type
capacitor with the prepared composite exhibits the unique and photosensitive capacitive behavior at various light
intensities in the visible light spectrum. The proposed photoreceptor mimics the spectral sensitivity curve of human
photopic vision. The hybrid nanocomposite is stable in ambient air for 129 weeks, with no observable degradation of
the composite due to the encapsulation of hybrid perovskites in the hydrophobic polymer. The functionality of the
proposed photoreceptor to recognize handwritten digits (MNIST) dataset using an unsupervised trained spiking neural
network with 72.05% recognition accuracy is demonstrated. This demonstration proves the potential of the proposed
sensor for neuromorphic vision applications.

Introduction
The biomimetic microelectronic devices are indis-

pensable for human-inspired robotics and neuromorphic
computing applications1–4. A change in paradigm from
sensing to perception aided by machine learning and deep
neural networks; revolutionizing perceptive intelligence
such as computer vision and voice processing. Our
human brain receives most of the information (80%)
through the eyesight5. Various hierarchical perceptive
processes take place in the eye to form the vision in the

brain. This includes photoreceptors’ photon reception
and encoding the illumination information into varying
spike frequencies of the cells through ganglion cells of the
retina6. The photoreceptor cells, namely rod cells, and
cone cells absorb the light in the retina. The rod cells’
density in the retina is much higher than the cone cells,
and they are responsible for light sensing in low light
conditions7. Whereas the cone cells are responsible for
light sensing in bright conditions. The typical schematic
of the rod cell is shown in Fig. 1a. The outer segment of
the rod cell is photosensitive due to the presence of pig-
ments called retinal and opsin, which are located in the
rhodopsin. These pigments in the rod cell are responsible
for the change in the membrane potential upon light
illumination (as illustrated in Fig. 1b). The rod cell
membrane undergoes hyperpolarization upon light illu-
mination, and that results in a decrease in the spiking
frequency of rod cells. Thus, photoreceptor cells encode
the light information into the spike train which are
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transmitted to ganglion cells for further visual transduc-
tion process. The retina of the eye performs the parallel
signal operation and follows the computing strategy
known as computing in the sensor8. Hence, artificial
retina networks are faster and smarter than the conven-
tional image processing devices9,10.
To construct the artificial retina network, it requires a

tunable artificial neuron with functionalities of photo-
receptors cells and ganglion cells. In other words, the
membrane potential in photoreceptor neurons is affected
by the light signals in addition to the electrical signals of
other neurons. The traditional integrate-and-fire neuron
model for data processing doesn’t possess the functionality
of photoreceptors. There are few inspiring works that
perform image sensing mimicking the human eye; Zhang
et al.4 demonstrated a hemispherical eye developed using
silicon (Si) nano-membrane in the origami approach, and
they have employed Si photodetectors as photoreceptors.
Recently, Gu et al.3 demonstrated a perovskite-based
hemispherical biomimetic eye for robotics and visual
prosthesis applications. They have fabricated a perovskite
nanowire array as photoreceptors and demonstrated image
sensing using the eye. However, each pixel in these bio-
mimetic eyes requires biasing that leads to high static
power consumption since they are photodetectors and

closer to the conventional image sensors. One of the
popular biological vision cameras, called dynamic vision
sensing (DVS) cameras, also employs photodiodes as
photoreceptors11. The capacitors are usually used to
mimic the cell membrane in CMOS-based electrical
neurons9. Moreover, the capacitive neural networks, rather
than the resistive/conductance-based approach12–14, fea-
tured better emulation of neural functionalities and low
static power consumption15. Thus, there is a need for a
tunable photoreceptor to develop artificial retina networks
for efficient, perceptive intelligent applications.
Furthermore, there are studies on the capacitors using

lead zirconate titanate (PZT) thin films that are sensitive
to UV illumination16,17. These thin-films exhibited vary-
ing dielectric properties upon light illumination but not
under visible wavelength. Such a phenomenon has been
useful in developing photosensitive and photostrictive
actuators18. There are also reports on visible light photo
capacitors for the charge storage using dye-sensitized
semiconducting nanoparticles19, phosphors20, photo-
sensitive conjugated polymers21, and through a hybrid
plasmonic effect of Ag nanowires22. However, hybrid
perovskites23,24 attracted considerable attention because
of their exceptional optoelectronic properties such as
excellent light absorption, long carrier lifetime, low trap
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density, giant optical anisotropy25, and high carrier
mobility26–28. Thanks to these properties, higher photo-
currents, and higher quantum efficiencies were observed
in perovskite-based optoelectronic devices, namely; solar
cells29–32, photodetectors33–35, photo-transistors36, and
devices for various applications like photo-sensing37, las-
ing38,39 and emission40. The hybrid perovskites are sen-
sitive to moisture and oxygen, resulting in degradation of
the device performance, which is the major hurdle for the
commercialization of perovskite devices23,34. On the other
hand, polyvinylidene fluoride (PVDF) based ferroelectric
polymers have an electroactive phase and are widely used
as a dielectric medium in various energy storage appli-
cations41, fractional-order capacitors42,43, optoelectronic
devices44, and plastic solar cells45. Especially, a terpolymer
of PVDF such as PVDF-TrFE-CFE exhibits a high
dielectric constant (high k value), and low dielectric los-
ses46, which can offer high capacitance and high dynamic
range in the tunability of capacitors. Moreover, it is a
relaxor ferroelectric polymer, high charging and dischar-
ging efficiencies are achievable for capacitive energy sto-
rage applications47,48. The choice of flexible substrates
and the design of interconnects on flexible substrates for
wearable electronics is crucial. One of the promising and
commercially available substrates is Kapton (polyimide),
and the design of interconnects on this substrate is also
well known. Hence, Kapton substrate is the appropriate
choice to explore flexible sensors and circuit archi-
tectures49. Moreover, it provides an opportunity to
develop bio-compatible systems and implement tele-
communication protocols50 between flexible sensors and
flexible peripheral electronics.
Herein, we demonstrate the light intensity capacitive

photoreceptor (CPR) that mimics the retina’s rod cells.
The capacitance of CPRs is dependent on visible light
illumination and can lead to the development of the
artificial retina by integrating with peripheral electronics9.
To fabricate CPRs with excellent light tunable properties,
we require materials that are photosensitive and materials
that have tendencies to tune the dielectric properties. In
order to obtain the combination of exceptional optoe-
lectronic and ferroelectric properties, we prepared a
hybrid composite of methylammonium lead bromide
perovskite (MAPbBr3) and the terpolymer polyvinylidene
fluoride trifluoroethylene-chlorofluoroethylene (PVDF-
TrFE-CFE). We demonstrated the fabrication and char-
acterization of flexible CPR, which has a frequency-
dependent capacitance within the range of 1−100 kHz.
The hybrid perovskites as fillers in the ferroelectric
polymer attribute to modulate the dielectric properties
proportional to the intensity and wavelength of the inci-
dent light. The capacitive change with respect to the
wavelength of the incident light mimics the spectral
sensitivity curve of human photopic vision with the

maximum response in the greenish-yellow regime. The
photoresponse of these CPRs is reproducible with negli-
gible hysteresis. Furthermore, the fabricated device is
resistive to humidity and oxygen due to the encapsulation
of the hybrid perovskites in the hydrophobic ferroelectric
terpolymer (FP). To the best of our knowledge, we report
the longest stability measurement of hybrid perovskites
(~129 weeks) owing to their PVDF-TrFE-CFE encapsu-
lation. The proposed device is modeled with an RC net-
work and integrated with a novel low power spike
oscillator to generate the spike train with a firing rate
proportional to the incident light intensity and wave-
length (color). Then, the functionality of the proposed
CPR and sensing circuit is demonstrated through simu-
lation to recognize the handwritten digits (MNIST)
dataset using an unsupervised trained spiking neural
network.

Results
Facile process flow was adopted for the fabrication of

flexible CPRs. The perovskite ferroelectric nanocomposite
(PFNC) was sandwiched between metallic electrodes
(Fig. 1b), where the top electrodes were transparent and
fabricated an array of metal-insulator-metal (MIM)
capacitors, and they are being called CPRs. The schematic
of the fabricated CPRs on a flexible substrate in the MIM
configuration is shown in Fig. 2a and the inset digital
photograph depict the flexibility of the fabricated devices.
Figure 2b shows the cross-sectional scanning electron
microscopic (SEM) image of the PFNC thin-film showing
the perovskite cubic crystals intermixed within the layers
of the PVDF-TrFe-CFE polymer. The transmission elec-
tron microscopic image (TEM) of the PFNC depicts the
MAPbBr3 nanocrystals embedded in the FP (Fig. 2c). The
X-ray diffraction pattern shown in Fig. S1 indicates the
purity of perovskite crystals in the composite, which was
undisturbed in the polymer. The signature peaks further
confirm the cubic structure of the MAPbBr3 perovskite
crystals51 in PVDF-TrFE-CFE FP52. The promising
application of flexible CPR as the retina of the eye is
representatively shown in Fig. 2d. Thanks to its flexible
properties, the fabricated device can be shaped into any
desirable shape using simple origami techniques. For
instance, we showed that it could be shaped into hemi-
spherical to mimic the eye (Fig. 2d). Note that flexible
CPRs are not bio-compatible since the proposed com-
posite constitutes heavy metal Pb. Hence, for bio-
compatible bio-mimetic eye further research employing
Pb, less perovskites have to be carried out at the cost of
the optical performance53.

Photosensitivity of the CPR
The UV−VIS spectra of the as-deposited PFNC and

the pure FP thin-films are shown in Fig. 2e. The PFNC
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composite exhibited absorbance in the UV and part of
the visible regime. The pure PVDF-TrFE-CFE thin-film
has peak absorbance near 200 nm, relatively weak
absorbance in the visible regime (400−500 nm), and
from the spectra of both samples, it can be seen that
the peak near ~ 200 nm corresponds to the FP thin-
film54. The broad absorption of PFNC thin-film until
563 nm in the visible regime is attributed to the
MAPbBr3 nanocrystals in the composite. The PFNC
composite exhibited strong photoluminescence (PL)
due to the presence of MAPbBr3 nanocrystals in the
ferroelectric polymer, as shown in PL spectra (Fig. 2f).
The band-edge cutoff for the PFNC composite is
~2.2 eV (λ= 563 nm). So far, the characterization stu-
dies indicate that PFNC is light-sensitive. Therefore the
fabricated devices were characterized under controlled
light conditions. The device characterization and
mechanism study were performed by measuring the
magnitude of impedance (|Z|) and phase angle under
dark and under various light intensities of multiple
commercial light-emitting diodes (LEDs). From pre-
vious studies, it is known that semiconducting fillers in
the ferroelectric polymers exhibit frequency-
independent behavior in the frequency range of 1
−100 kHz55; hence all the measurements performed in
this work were limited to this range.

Electrical behavior of the CPR under light illumination
The CPR with PFNC is very sensitive to light due to the

presence of MAPbBr3 nanocrystals in the nanocomposite.
The fabricated CPR was illuminated at different inten-
sities using different commercial LEDs in the visible
spectrum; violet (~ λpeak= 403 nm), green (~ λpeak=
520 nm), greenish-yellow (~ λpeak= 560 nm), yellowish-
orange (~ λpeak= 590 nm), and red (~ λpeak= 630 nm).
The beam profile and the intensities of these LEDs were
homogenized using a custom-built setup, as shown in Fig.
S2a. From Fig. 3a, it is evident that even with the slight
variation in the greenish-yellow LED intensity, the
impedance of the CPR is decreasing significantly. The
Nyquist impedance plot (Fig. 3b) for different light
intensities of 3 LEDs indicates that the CPRs exhibit
frequency-independent behavior. The capacitance of such
devices that exhibits frequency-independent behavior is
called pseudo-capacitance (Cα), which was estimated from
the impedance and phase angle of the device (S3, Sup-
plementary information). The Cα of the CPRs increased
with the increasing light intensity, and frequency-
independent behavior at each light condition is further
evident in the capacitive response shown in Fig. 3d, e.
The response of multiple CPRs illuminated to 23 μW/

cm2 greenish-yellow light is overlapped with the response
of devices illuminated to 247 μW/cm2 violet light, as
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depicted in Fig. 3a, b, d. The capacitive response is higher
in the case of greenish-yellow light when compared to
violet or red, which indicates that the composite is more
sensitive to the greenish-yellow. The higher sensitivity in
the greenish-yellow regime is due to the maximum
absorbance of the composite in this regime (Fig. 2e).
When devices were illuminated with the red LED even at
1000 μW/cm2, the change in Cα is negligible, where the
absorbance of the composite is almost negligible. The
observed electrical response is in-line with the discussed
UV−VIS and PL spectra of the PFNC composite. The
capacitive response was measured under other LEDs, and
Nyquist impedance plots are shown in Figs. S3, S4,
respectively. All these results together evident that the
CPRs’ response is sensitive to the wavelength and inten-
sity of the light. Similar to the photoreceptors in the
retina, which induces membrane potential change upon
varying light intensity9, the capacitance of the CPR is
found to be variable with light intensities. The trend in
variation of Z and Cα indicates that there is an increase in
the conductivity of the dielectric medium55,56 due to the
photo-generated charge carriers (Fig. 3c). The equivalent
circuit representing the frequency-independent behavior
can be modeled as RC ladder circuits connected in par-
allel and, as shown in Fig. 3f57. It illustrates the photo-
sensitive impedance change in the CPR. In the dark
condition, the capacitance density is ~1 nF/cm2.

Achieving the capacitance densities comparable to the
biological membrane capacitances is challenging with the
existing CMOS scaling and technology58. The higher
baseline capacitance density in the PFNC is due to the
ferroelectric electric properties of the FP in the composite.
Halide perovskites are highly sensitive to polar mole-

cules such as water and oxygen, owing to their ionic
nature. This results in the phase transition of the per-
ovskites, which eventually leads to poor optical perfor-
mance34. Hence, the stability of these perovskites in the
air ambience is poor. This degradation study of per-
ovskites can be performed using photoluminescence (PL)
spectroscopy. The phase transitions, which are the indi-
cations of degradation, result in the peak broadening or
shift59. It is evident that even after 100 weeks of aging,
there is neither significant linewidth broadening nor peak
PL wavelength shift in the PL spectra (Fig. 2f) of the
devices with the PFNC composite. The devices used for
stability studies were kept in the petri dish and stored in
the ambient air (room temperature ~23 °C and ~40% RH

humidity). This indicates that the composite performance
is very stable, and there is no degradation of MAPbBr3
nanocrystals as they are encapsulated in the PVDF-TrFE-
CFE polymer. Since PVDF polymers are more hydro-
phobic60, PFNC is more resistant to oxygen and moisture
absorption. The absorbance spectra are also undisturbed,
as seen in Fig. 2f, the stored devices still absorb the light
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similar to the as-deposited devices. Figure S5 also indi-
cates the response measured with LED illumination after
100 weeks of storage, and the devices are responsive to the
light as discussed earlier. Stability is not an issue anymore
in the case of PFNC; thus, we addressed a significant
shortcoming of perovskite devices. To our knowledge,
these are the longest stability studies conducted on hybrid
perovskite-based devices. As per reported studies61,62, the
solar cell efficiency has been increased in perovskite solar
cells with PVDF polymer as an additional layer due to the
reduction in electron−hole recombination. Hence, the
PFNC composite can lead to exploring a wide variety of
efficient and stable optoelectronic devices.
The proposed CPR shows high electrical stability in the

dark condition, the Cα at 10 kHz for a long time, and the
negligible deviation from the baseline was observed (Fig.
S6). In order to understand the transient and the repea-
table behavior of the CPR upon illumination, the LEDs
were modulated with voltage pulses (pulse width ~20 s)
and measured the Cα of multiple devices under the illu-
mination of all LEDs. The transient response of the CPR
devices excited with multiple LEDs at various intensities is
shown in Fig. 4a, b. The digital photographs of homo-
genized incident light beams during the characterization
are depicted in the in-set. From these measurements, it
can be seen that the Cα modulates according to the
incident light intensity, CPR devices exhibit baseline
capacitance in the dark and a step response with the light

pulse. The varying intensity of LEDs is reflected in the
varying Cα magnitude of CPR devices. The extent of
variation in the Cα is also dependent on the exciting light
wavelength. The change in Cα (Eq. 1) of CPR at various
wavelengths in the visible spectrum is shown in (Fig. 5a).
The CPR devices’ exhibited maximum response in the
greenish-yellow regime due to the maximum absorbance
of PFNC composite in this regime, as discussed earlier.
Interestingly, the spectral density curve of the human
eye’s photopic vision has a similar response to colors as of
CPR63. This shows that the devised composite has a huge
potential to mimic the eye. The response of CPR to dif-
ferent colors and intensities is linear but with varying
sensitivity, as shown in Fig. 5b. The effect due to the
bending of multiple CPR in the response was measured,
and Fig. 5c shows that there is no significant variation in
the response at lower intensities, but a small deviation at
higher intensities because of bending. The incident beam
and the extent of bending (bending radius ~1 cm) used
during the characterization are shown in Fig. S7. We posit
that a slight decrease in the response due to bending is
due to a slight variation in the angle of the incident light,
which might cause a slight decrease in incident light
intensity.
The CPR devices were fabricated at various intervals in

different batches (B1, B2, and B3), B1 is the earliest batch,
and B3 is the recent batch of fabricated devices. These
devices’ response was tested under homogenized
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conditions at various intervals to understand devices’ air
stability after the storage. Interestingly, the devices (batch-
B1) are stable even after 129 weeks of storage in robust
ambient conditions (placed in a petri dish, ~22−23 °C and
40% RH), and the response of all devices that were tested
after several weeks is comparable to as-deposited devices
(Fig. 5d). This shows the remarkable ambient stability of
devices. Moreover, devices also exhibited excellent
endurance ~10,000 cycles under the illumination of
modulating light pulses measured in ambient air. Inter-
estingly, the endurance of the 129-week old device (Fig. 5f)
is the same as of the as-deposited device (Fig. 5e) that
further demonstrate the stability of the devices. The CPR
responds within 20 ms, but the response saturates in 0.8 s
after turning ON the LED (Fig. S6), which is also similar
to the adaptation mechanism of the human eye. The
devices reach the baseline in 0.92 s after the instant of
turning OFF. Hence, to test the endurance of devices with
the longer exposure time, the LED was programmed to
ON for ~10 s and OFF for 5 s, and the capacitance was
measured for every 5 s. This also shows that devices have

shown stability under operation for at least 41 h.

ΔCα

Cα0
% ¼ Cαðunder lightÞ � Cα0ðunder darkÞ

Cα0ðunder darkÞ � 100

ð1Þ

Operation mechanism of CPR
The metal halide perovskites are well known for their

mixed electronic and ionic conduction mechanisms64,65.
The generation of non-equilibrium charge carriers upon
light illumination is affecting the dielectric properties. To
further understand the effect of photo-generated charge
carriers, the CPR was characterized by varying applied AC
voltage magnitude (Vac) under the dark and the greenish-
yellow light conditions. As shown in the Cα response
(Fig. 6a) under dark, there is no change in Cα irrespective of
the Vac. In the presence of greenish-yellow light (Fig. 6b),
with the increase in Vac, there is a significant increase in the
capacitance. It means in this frequency regime, and at higher
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Vac, the charge carriers are getting modulated to the
amplitude of the applied ac voltage and getting drifted
towards the surface of the electrodes and making dielectric/
nanocomposite less lossy. Whereas for smaller Vac magni-
tude, the applied magnitude doesn’t impact the charge
carriers, and they are within the bulk of the dielectric,
making the dielectric medium lossy. Moreover, under dark
conditions, the nanocomposite’s conductivity modulation is
absent with varying Vac, as shown in Fig. 6a, owing to the
absence of photo-generated carriers. The charge distribution
of non-equilibrium photo-generated carriers under various
bias conditions confirms the CPR mechanism as speculated.
In addition to this, we characterized CPRs to observe any
charge accumulation within devices after switching light as
well as Vac signal levels. The transient response of devices
was monitored by illuminating them with the increasing
greenish-yellow light intensity and subsequently with the
decreasing intensity of the same magnitude. It can be
observed from Fig. 6c, d that there is no significant effect of
charge accumulation after switching, and the hysteresis is
negligible. Hence there is no memory effect in the CPRs,
which is essential for any tunable device. To summarize the
operation mechanism of the CPR, on applying light illumi-
nation, there will be non-equilibrium charge carrier dis-
tribution within the bulk of the PFNC. This leads to a
change in the pseudo-capacitance, Cα, of CPRs.

Neuronal interface circuitry
The proposed CPR mimics the rod cells of the retina to

develop a biomimetic eye. Light-sensitive devices can be
used to build electronics that generate the change in
spiking frequency, which is the functionality of the retina’s
ganglion cells6. An array of these CPRs forms a receptive
field of the retina through which a neural network for
shape perception is feasible9. Thus, the interface circuit is
highly needed to generate the spike train proportional to
the light intensity and color. We first characterized the
CPR device with the RC model using nonlinear least
squares under illumination scenarios. The curve fitted
model accurately model the frequency behavior of the
CPR with a normalized root mean square error less than
3.3% (see the Supplementary Information S8 for more
details on the fitted model and results).
An illustrative diagram showing the CPR connected to the

sensing circuit followed by a spiking neural network to
process the received information is depicted in Fig. 7a. The
schematic of CMOS sensing circuit designed for interfacing
the CPR to generate a spike train with a frequency propor-
tional to incident light intensity is shown in Fig. 7b. By
varying the incident light color and intensity, different spike
frequencies are observed since each light and intensity have a
different impact on the sensor. A sample of the spike train is
shown in Fig. 7c, which was generated under the illumination
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of greenish-yellow light. Also, it is worth mentioning that the
leakage resistor, Rleak, can be used to tune the spike rate. The
higher the leakage resistor, the lower the firing rate. In order
to evaluate the CPR, we tested different scenarios where the
incident light intensity was varied for different colors, as
depicted in Fig. 7d. Clearly, the firing rate (i.e., spike fre-
quency) increases with the increase in light intensity, which is
also observed for different colors, as shown in Fig. 7d. The
greenish-yellow curve shows a better dynamic range (span-
ning from 6.7 to 8.2 kHz) compared to the other colors,
which means better representation/ encoding of the incident
light intensity. The generated spike trains can then be
interfaced with any neuromorphic hardware such as True-
north66 or Loihi67 to mimic the full functionality of the retina
networks68.

Unsupervised spiking neural network
The CPR with the interface circuit was simulated to

interface a spiking neural network (SNN) to recognize
handwritten digits. The pixels of the handwritten digits
were encoded proportional to the light intensity, then
converted to a spike train, as discussed in the previous
subsection. This SNN is a single-layer network with 100
output neurons employing a winner-take-all (WTA)
mechanism followed by a statistical output classifier. The
network was trained with simplified spike-timing-

dependent plasticity, STDP, with a leaky integrate-and-
fire neuron model69,70. The details of the neuron, synaptic
conductance, and STDP models are discussed in detail in
S9 in the supplementary materials. In this work, we
consider STDP training, which is more brain-plausible.
We used the trained model, without retraining, to eval-
uate the performance of CPRs and the interface circuit
where the feature maps have already learned in the initial
training, and the is no need to retrain the network. The
network shows 70.98 and 72.05% recognition accuracy for
greenish-yellow and violet lights, respectively. The accu-
racy loss is due to the nonlinearity of the simple interface
circuit. Further optimized circuits can be used to enhance
the overall linearity and sensitivity, which would be
reflected in the SNN accuracy to bridge the 15% drop.
The state-of-the-art training models have shown 87.25%
accuracy in recognizing the MNIST dataset70,71. The low
recognition accuracy is due to the shallowness of the used
network and that unsupervised training is used. The
accuracy can reach 95% by increasing the number of
neurons to 150071, or by applying state-of-art supervised
learning methods such as SuperSpike72 or DECOLLE73.

Discussion
We demonstrated the facile fabrication of tunable and

flexible capacitive photoreceptors using a hybrid
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nanocomposite of metal halide perovskite
(CH3NH3PbBr3) and ferroelectric polymer (PVDF-TrFE-
CFE). The purity and morphology of the perovskite
nanocrystals are undisturbed in the nanocomposite and
exhibited excellent light absorption properties. The
characterized CPR’s capacitance is tunable and repro-
ducible with the light intensity and frequency indepen-
dent in the 1−100 kHz regime at each light intensity. The
mechanism of the CPR was studied through optoelectric
characterizations. The stable and non-degradable perfor-
mance of metal halide perovskite nanocrystals-based
devices is observed for 129-weeks. The highly sensitive
CPR mimics the rod cells of the retina. The developed
CPR is interfaced with simple circuitry and a simple
neural network to demonstrate its functionality as a bio-
mimetic retina. The demonstrated system has massive
potential in developing artificial retina networks and
biomimetic eyes for perceptive intelligence applications.
In addition, such CPRs find their unique place in devel-
oping photosensitive actuators for robotic applications,
and these can also be explored as optoelectronic devices
for optical communications.

Materials and methods
Fabrication of the CPR
The solution of the nanocomposite was prepared in two

steps. At first, 0.5M CH3NH3PbBr3 (MAPbBr3) solution
39

was prepared from the commercial methyl ammonium
bromide (CH3NH3Br) and lead bromide (PbBr2), the
mixture was added to the N, N Dimethylformamide (DMF)
solvent and ultra-sonicated for 24 h. In the second step,
100mg of commercial ferroelectric terpolymer (FP) PVDF-
TrFE-CFE was stirred constantly in 1ml of DMF solvent
for 24 h. The final PFNC solution was prepared by mixing
1ml of the FP solution with the 1ml of MAPbBr3 solution.
The mixture was stirred constantly for 24 h to obtain a
homogenous PFNC solution. We have employed an
aluminum-coated Kapton Polyimide sheet that serves as
the flexible substrates for flexible CPR. 300 μL of PFNC
solution was drop-casted on the square-shaped (2 × 2 cm2)
Al coated polyimide sheet pasted on the carrier substrate.
The substrate was heated under vacuum for 3 h at 90 °C for
solvent evaporation. 120 nm thick transparent indium tin
oxide (ITO) was RF sputtered on the PFNC thin-film using
a shadow mask for the top electrode (3mm circular form).
It was observed that by adding the MAPbBr3 solution as
filler in the FP solution, the phase angle could be tuned to
frequency-independent as reported for semiconducting
fillers in the FP solution55. The final weight percentage of
FP and MAPbBr3 solutions of PFNC was optimized to get a
frequency-independent phase angle under the dark con-
dition was achieved. A similar process can also be followed
on a rigid metal-coated Silicon substrate, and flexibility can
be achieved through the soft-backside etch of the silicon

substrate74,75. The PVDF-CrFE-TFE powder was pur-
chased from Piezotech. DMF (N, N-dimethylformamide,
99.8%) solvent, PbBr2 (99%), CH3NH3Br (98%) powders
were purchased from Sigma-Aldrich.

Imaging and characterization
A FEI- Quanta 600 FEG scanning electron microscope

operated at 10 kV was used to capture the cross-sectional
image of the perovskite ferroelectric nanocomposite (PFNC).
The CPR sample was dipped in liquid nitrogen to have a
sharp cross-section cut for imaging. The sample was coated
with a layer of 3 nm of iridium. The transmission electron
microscope imaging was performed using FEI-Tecnai Spirit
Biotwin. The TEM sample was prepared by drop-casting the
PFNC solution on the copper grid. The UV–visible absor-
bance of the PFNC was measured using a Perkin Elmer’s UV
−VIS spectrophotometer lambda 950, which was equipped
with an integrated sphere accessory to measure reflectance/
absorbance of thin-films. The absorbance was measured in
the range of 200–850 nm at a scanning speed of 1 nm/s. The
X-ray diffraction studies on both PVDF and PFNC were
performed using the XRD Bruker D2 Phaser instrument.
Samples for study were exposed to the X-ray source for
4min. The XRD measurements were studied on PFNC/Au/
Si and FP/Au/Si samples. Photoluminescence analysis was
performed with the WITec Apyron spectrometer, and sam-
ples are excited with laser (λ= 473 nm).

Electrical characterization
The electrical characterization was performed using an

Agilent 4980A LCR meter. In all the experiments, unless
otherwise mentioned, the AC voltage bias is 0.1 V. The
LEDs were biased using a voltage source. A LabVIEW
data acquisition software was designed to acquire the data
used in all the experiments.

Circuit model identification
Finding a circuit model for the fabricated CPR is

essential to be incorporated in the retina simulators and
to design suitable interface circuits. In order to char-
acterize our device, a shunt capacitor, and a shunt con-
ductance in addition to parallel RC branches, inspired
from Fig. 3f was used to model the leakage, electrode
capacitances, and dielectric, respectively. Nonlinear least-
squares fitting function in MATLAB was used to model
identification where the loss function is defined to mini-
mize L2 norm of the relative error of the real and the
imaginary parts of the admittance over the frequency
range. The normalized root mean square error of the
extracted model is less than 3.37% in the worst case.

Acknowledgements
The authors are thankful to King Abdullah University of Science and
Technology (KAUST), Kingdom of Saudi Arabia, for funding this work.

Vijjapu et al. Light: Science & Applications            (2022) 11:3 Page 10 of 12



Author details
1Sensors lab, Advanced Membranes and Porous Materials Center, Computer,
Electrical and Mathematical Science and Engineering Division, King Abdullah
University of Science and Technology (KAUST), Thuwal 23955-6900, Kingdom
of Saudi Arabia. 2Communication and Computing Systems Lab, Computer,
Electrical and Mathematical Science and Engineering Division, King Abdullah
University of Science and Technology (KAUST), Thuwal 23955-6900, Kingdom
of Saudi Arabia. 3Department of Electrical Engineering and Computer Science,
University of California-Irvine, Irvine, CA 92612, USA. 4Department of Electrical,
Computer and Energy Engineering, Arizona State University, Tempe, AZ, USA.
5Computer, Electrical and Mathematical Science and Engineering Division, King
Abdullah University of Science and Technology (KAUST), Thuwal 23955-6900,
Kingdom of Saudi Arabia. 6Department of Materials Science and Engineering,
City University of Hong Kong, Hong Kong SAR, China

Author contributions
The manuscript was written through contributions of all authors. All authors
have given approval to the final version of the manuscript.

Conflict of interest
The authors declare no competing interests.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41377-021-00686-4.

Received: 29 April 2021 Revised: 6 November 2021 Accepted: 23 November
2021

References
1. Kim, Y. et al. Nociceptive memristor. Adv. Mater. 30, 1704320 (2018).
2. Tuma, T. et al. Stochastic phase-change neurons. Nat. Nanotechnol. 11,

693–699 (2016).
3. Gu, L. L. et al. A biomimetic eye with a hemispherical perovskite nanowire

array retina. Nature 581, 278–282 (2020).
4. Zhang, K. et al. Origami silicon optoelectronics for hemispherical electronic

eye systems. Nat. Commun. 8, 1782 (2017).
5. Pocock, D. C. D. Sight and knowledge. Trans. Inst. Br. Geographers 6, 385–393

(1981).
6. Balasubramanian, V. & Sterling, P. Receptive fields and functional architecture

in the retina. J. Physiol. 587, 2753–2767 (2009).
7. Rakshit, T. & Park, P. S. H. Impact of reduced rhodopsin expression on the

structure of rod outer segment disc membranes. Biochemistry 54, 2885–2894
(2015).

8. Chai, Y. In-sensor computing for machine vision. Nature 579, 32–33 (2020).
9. Bao, L. et al. Artificial shape perception retina network based on tunable

memristive neurons. Sci. Rep. 8, 13727 (2018).
10. Mennel, L. et al. Ultrafast machine vision with 2D material neural network

image sensors. Nature 579, 62–66 (2020).
11. Lichtsteiner, P., Posch, C. & Delbruck, T. A 128×128 120 dB 15 μs latency

asynchronous temporal contrast vision sensor. IEEE J. Solid-State Circuits 43,
566–576 (2008).

12. Krestinskaya, O., Salama, K. N. & James, A. P. Automating analogue AI chip
design with genetic search. Adv. Intell. Syst. 2, 2000075 (2020).

13. Krestinskaya, O., Salama, K. N. & James, A. P. Analog backpropagation learning
circuits for memristive crossbar neural networks. In Proceedings of 2018 IEEE
International Symposium on Circuits and Systems 1−5 (IEEE, Florence, 2018).

14. Krestinskaya, O., Salama, K. N. & James, A. P. Learning in memristive neural
network architectures using analog backpropagation circuits. IEEE Trans. Cir-
cuits Syst. I: Regul. Pap. 66, 719–732 (2019).

15. Wang, Z. R. et al. Capacitive neural network with neuro-transistors. Nat.
Commun. 9, 3208 (2018).

16. Kholkin, A. L., Iakovlev, S. O. & Baptista, J. L. Direct effect of illumination on
ferroelectric properties of lead zirconate titanate thin films. Appl. Phys. Lett. 79,
2055–2057 (2001).

17. Lee, J. et al. Effect of ultraviolet light on fatigue of lead zirconate titanate thin‐
film capacitors. Appl. Phys. Lett. 65, 254–256 (1994).

18. Poosanaas, P., Tonooka, K. & Uchino, K. Photostrictive actuators. Mechatronics
10, 467–487 (2000).

19. Miyasaka, T. & Murakami, T. N. The photocapacitor: an efficient self-charging
capacitor for direct storage of solar energy. Appl. Phys. Lett. 85, 3932–3934
(2004).

20. Mokni, M. et al. High-capacity, fast-response, and photocapacitor-based ter-
polymer phosphor composite. Polymers 12, 349 (2020).

21. Lee, H. et al. Strong photo-amplification effects in flexible organic
capacitors with small molecular solid-state electrolyte layers sand-
wiched between photo-sensitive conjugated polymer nanolayers. Sci.
Rep. 6, 19527 (2016).

22. Zhang, L. Y. et al. Light enhanced energy storage ability through a hybrid
plasmonic Ag nanowire decorated hydroxide “skin structure”. Nanoscale 9,
18430–18437 (2017).

23. Al-Amri, A. M., Cheng, B. & He, J. H. Perovskite methylammonium lead trihalide
heterostructures: progress and challenges. IEEE Trans. Nanotechnol. 18, 1–12
(2019).

24. Zhou, J. C., Chu, Y. L. & Huang, J. Photodetectors based on two-dimensional
layer-structured hybrid lead iodide perovskite semiconductors. ACS Appl.
Mater. Interfaces 8, 25660–25666 (2016).

25. Lin, C. H. et al. Giant optical anisotropy of perovskite nanowire array films. Adv.
Funct. Mater. 30, 1909275 (2020).

26. Shi, D. et al. Low trap-state density and long carrier diffusion in organolead
trihalide perovskite single crystals. Science 347, 519–522 (2015).

27. Stoumpos, C. C. & Kanatzidis, M. G. Halide perovskites: poor man’s high-
performance semiconductors. Adv. Mater. 28, 5778–5793 (2016).

28. Lin, C. H. et al. Orthogonal lithography for halide perovskite optoelectronic
nanodevices. ACS Nano 13, 1168–1176 (2019).

29. Jeon, N. J. et al. Compositional engineering of perovskite materials for high-
performance solar cells. Nature 517, 476–480 (2015).

30. Lee, M. M. et al. Efficient hybrid solar cells based on meso-superstructured
organometal halide perovskites. Science 338, 643–647 (2012).

31. Lee, C. P. et al. A paper-based electrode using a graphene dot/PEDOT: PSS
composite for flexible solar cells. Nano Energy 36, 260–267 (2017).

32. Hwang, K. et al. Toward large scale roll-to-roll production of fully printed
perovskite solar cells. Adv. Mater. 27, 1241–1247 (2015).

33. Leung, S. F. et al. A self-powered and flexible organometallic halide perovskite
photodetector with very high detectivity. Adv. Mater. 30, 1704611 (2018).

34. Alamri, A. M. et al. Fully inkjet-printed photodetector using a graphene/per-
ovskite/graphene heterostructure. IEEE Trans. Electron Devices 66, 2657–2661
(2019).

35. Kang, C. H. et al. High-speed colour-converting photodetector with all-
inorganic CsPbBr3 perovskite nanocrystals for ultraviolet light communication.
Light.: Sci. Appl. 8, 94 (2019).

36. Li, F. et al. Ambipolar solution-processed hybrid perovskite phototransistors.
Nat. Commun. 6, 8238 (2015).

37. Li, Y. T. et al. Millimeter-scale nonlocal photo-sensing based on single-crystal
perovskite photodetector. iScience 7, 110–119 (2018).

38. Xing, G. C. et al. Low-temperature solution-processed wavelength-tunable
perovskites for lasing. Nat. Mater. 13, 476–480 (2014).

39. Lin, C. H. et al. Designed growth and patterning of perovskite nanowires for
lasing and wide color gamut phosphors with long-term stability. Nano Energy
73, 104801 (2020).

40. Liu, Z. J. et al. Micro-light-emitting diodes with quantum dots in display
technology. Light.: Sci. Appl. 9, 83 (2020).

41. Ruan, L. X. et al. Properties and applications of the β phase poly (vinylidene
fluoride). Polymers 10, 228 (2018).

42. Agambayev, A. et al. Ferroelectric fractional-order capacitors. ChemElectroChem
4, 2807–2813 (2017).

43. Elshurafa, A. M. et al. Microscale electrostatic fractional capacitors using
reduced graphene oxide percolated polymer composites. Appl. Phys. Lett. 102,
232901 (2013).

44. Sultana, A. et al. Organo-lead halide perovskite induced electroactive β-phase
in porous PVDF films: an excellent material for photoactive piezoelectric
energy harvester and photodetector. ACS Appl. Mater. Interfaces 10, 4121–4130
(2018).

45. Yuan, Y. B. et al. Efficiency enhancement in organic solar cells with ferroelectric
polymers. Nat. Mater. 10, 296–302 (2011).

46. Tsutsumi, N. et al. Re-evaluation of the origin of relaxor ferroelectricity in
vinylidene fluoride terpolymers: an approach using switching current mea-
surements. Sci. Rep. 7, 15871 (2017).

Vijjapu et al. Light: Science & Applications            (2022) 11:3 Page 11 of 12

https://doi.org/10.1038/s41377-021-00686-4


47. Liu, Y. et al. Relaxor ferroelectric polymers: insight into high electrical energy
storage properties from a molecular perspective. Small Sci. 1, 2000061 (2021).

48. Chu, B. J. et al. A dielectric polymer with high electric energy density and fast
discharge speed. Science 313, 334–336 (2006).

49. Christoe, M. J., Han, J. L. & Kalantar-Zadeh, K. Telecommunications and data
processing in flexible electronic systems. Adv. Mater. Technol. 5, 1900733
(2020).

50. Christoe, M. J. et al. Bluetooth signal attenuation analysis in human body tissue
analogues. IEEE Access 9, 85144–85150 (2021).

51. Priante, D. et al. The recombination mechanisms leading to amplified spon-
taneous emission at the true-green wavelength in CH3NH3PbBr3 perovskites.
Appl. Phys. Lett. 106, 081902 (2015).

52. Agambayev, A. et al. Tunable fractional-order capacitor using layered ferro-
electric polymers. AIP Adv. 7, 095202 (2017).

53. Debnath, T. et al. Halide perovskite solar cells with biocompatibility. Adv. Energy
Sustain. Res. 1, 2000028 (2020).

54. Sabira, K. et al. Impressive nonlinear optical response exhibited by Poly(viny-
lidene fluoride) (PVDF)/reduced graphene oxide (RGO) nanocomposite films.
Opt. Laser Technol. 97, 77–83 (2017).

55. Agambayev, A. et al. An ultra-broadband single-component fractional-order
capacitor using MoS2-ferroelectric polymer composite. Appl. Phys. Lett. 113,
093505 (2018).

56. Agambayev, A. et al. Towards fractional-order capacitors with broad tunable
constant phase angles: multi-walled carbon nanotube-polymer composite as
a case study. J. Phys. D: Appl. Phys. 51, 065602 (2018).

57. Kartci, A. et al. Synthesis and optimization of fractional-order elements using a
genetic algorithm. IEEE Access 7, 80233–80246 (2019).

58. Gentet, L. J., Stuart, G. J. & Clements, J. D. Direct measurement of specific
membrane capacitance in neurons. Biophys. J. 79, 314–320 (2000).

59. He, J. et al. Influence of phase transition on stability of perovskite solar cells
under thermal cycling conditions. Sol. Energy 188, 312–317 (2019).

60. Fan, H. W. et al. Preparation and characterization of hydrophobic PVDF
membranes by vapor-induced phase separation and application in vacuum
membrane distillation. J. Polym. Res. 20, 134 (2013).

61. Zhang, S. et al. PVDF-HFP additive for visible-light-semitransparent perovskite
films yielding enhanced photovoltaic performance. Sol. Energy Mater. Sol. Cells
170, 178–186 (2017).

62. Wang, Q. et al. Thin insulating tunneling contacts for efficient and water-
resistant perovskite solar cells. Adv. Mater. 28, 6734–6739 (2016).

63. Cuthbertson, F. M. et al. Blue light-filtering intraocular lenses: review of
potential benefits and side effects. J. Cataract Refractive Surg. 35, 1281–1297
(2009).

64. Kuku, T. A. Ionic transport and galvanic cell discharge characteristics of CuPbI3
thin films. Thin Solid Films 325, 246–250 (1998).

65. Kuku, T. A. & Salau, A. M. Electrical conductivity of CuSnI3, CuPbI3, and KPbI3.
Solid State Ion. 25, 1–7 (1987).

66. Merolla, P. A. et al. A million spiking-neuron integrated circuit with a scalable
communication network and interface. Science 345, 668–673 (2014).

67. Davies, M. et al. Loihi: a neuromorphic manycore processor with on-chip
learning. IEEE Micro 38, 82–99 (2018).

68. Maheswaranathan, N. et al. Deep learning models reveal internal structure and
diverse computations in the retina under natural scenes. Preprint at bioRxiv
https://doi.org/10.1101/340943 (2018).

69. Masquelier, T. & Thorpe, S. J. Unsupervised learning of visual features through
spike timing dependent plasticity. PLoS Comput. Biol. 3, e31 (2007).

70. Guo, W. Z. et al. Unsupervised adaptive weight pruning for energy-efficient
neuromorphic systems. Front. Neurosci. 14, 598876 (2020).

71. Diehl, P. U. & Cook, M. Unsupervised learning of digit recognition using spike-
timing-dependent plasticity. Front. Comput. Neurosci. 9, 99 (2015).

72. Zenke, F. & Ganguli, S. SuperSpike: supervised learning in multilayer spiking
neural networks. Neural Comput. 30, 1514–1541 (2018).

73. Kaiser, J., Mostafa, H. & Neftci, E. Synaptic plasticity dynamics for deep con-
tinuous local learning (DECOLLE). Front. Neurosci. 14, 424 (2020).

74. Ghoneim, M. T. et al. Thin PZT-based ferroelectric capacitors on flexible
silicon for nonvolatile memory applications. Adv. Electron. Mater. 1, 1500045
(2015).

75. Ghoneim, M. T. et al. Towards neuromorphic electronics: memristors on
foldable silicon fabric. Microelectron. J. 45, 1392–1395 (2014).

Vijjapu et al. Light: Science & Applications            (2022) 11:3 Page 12 of 12

https://doi.org/10.1101/340943

	A flexible capacitive photoreceptor for the biomimetic retina
	Introduction
	Results
	Photosensitivity of the CPR
	Electrical behavior of the CPR under light illumination
	Operation mechanism of CPR
	Neuronal interface circuitry
	Unsupervised spiking neural network

	Discussion
	Materials and methods
	Fabrication of the CPR
	Imaging and characterization
	Electrical characterization
	Circuit model identification

	Acknowledgements
	Acknowledgements




