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With the burgeoning developments in artificial intelligence, hardware implementation of artificial neural network is also gaining
pace. In this pursuit, ferroelectric devices (i.e., tunneling junctions and transistors) with voltage thresholds were recently proposed
as suitable candidates. However, their development is hindered by the inherent integration issues of inorganic ferroelectrics, as well
as poor properties of conventional organic ferroelectrics. In contrast to the conventional ferroelectric synapses, here we
demonstrated a two-terminal ferroelectric synaptic device using a molecular ferroelectric (MF)/semiconductor interface. The
interfacial resistance can be tuned via the polarization-controlled blocking effect of the semiconductor, owing to the high
ferroelectricity and field amplification effect of the MF. Typical synaptic features including spike timing-dependent plasticity are
substantiated. The introduction of the semiconductor also enables the attributes of optoelectronic synapse and in-sensor
computing with high image recognition accuracies. Such interfaces may pave the way for the hardware implementation of

multifunctional neuromorphic devices.

npj Flexible Electronics (2022)6:16; https://doi.org/10.1038/s41528-022-00152-0

INTRODUCTION

With the ubiquitous dissemination and increasing reliance on
electronic devices, as well as the rapid development of
sophisticated computing processes, the proliferating data volumes
markedly raised the demand for corresponding computational
hardware'-3. The physical separation between data processing
and storage domains significantly affects the computing and
processing capabilities of the contemporary von Neumann
architecture based hardwares®. Hence, with the shrinking chip
size, the prevailing issues of transmission delays, power consump-
tion, and heat dissipation are also amplified. The fast pace
emergence of artificial intelligence necessitating large-scale data
processing in convolutional neural networks is getting incompa-
tible with the narrow access memory bandwidth>®. During the
past few decades, resistive memory devices (memristors)’~®
primarily with conductive filaments or Shottky-type mechan-
isms'®1T, were proposed for hardware implementation of artificial
synaptic simulations and neuromorphic computation'?. Being
capable of data storage and computation within one device (in-
memory computing), the neuromorphic devices exhibit multi-level
non-volatile promising memory function for neuromorphic
computational systems'. Notwithstanding, the electroforming
process in the development of memristors with conductive
filaments demonstrates randomness, hence, the variability,
endurance, and memory window of resistive memories still face
challenges™.

Recently, ferroelectric devices including ferroelectric field-effect
transistors (FeFET)'>"'® and ferroelectric tunneling junctions
(FTJ)?*2" with non-volatile resistive memory function and voltage
thresholds were also proposed for artificial synaptic devices?2.
Resistive memory is achieved by tuning the ferroelectric polariza-
tion states of the devices, similar to the polarization procedure of
synaptic membranes. However, the incompatibility with the CMOS

technology, difficulty in scalability, inclusions of heavy and toxic
metals, and poor biocompatibility still shadow the future of
inorganic neuromorphic devices, as they did for common ferro-
electric memories with high fabrication cost. Ferroelectric
polymer-based FeFETs?>?* and FTJs*> were also investigated for
neuromorphic devices, though other device architecture, i.e., bulk-
heterojunction diodes with the polymer and organic semiconduc-
tors usually lacking voltage thresholds, is rarely proposed for
neuromorphic devices?S. In spite of the advantages of solution
processing, environmental friendliness, flexibility, and biocompat-
ibility, the polymer devices still suffer from their poor ferroelectric
properties, i.e., large coercive electric field (E) and small
spontaneous polarization (Ps). For instance, the E. of poly
(vinylidenefluoride-trifluoroethylene)  (P(VDF-TrFE))?” with the
highest performance among polymer ferroelectrics can be as
large as 500kVcm~' which implies a large operating voltage.
Moreover, the P, of P(VDF-TrFE)?® is merely around 10 uCcm~2,
much smaller than inorganic ferroelectrics, thus having smaller
amount of memory states.

Fortunately, the breakthroughs in organic ferroelectrics, including
the discovery of molecular ferroelectrics (MFs) with properties
comparable to those of inorganics, can open promising avenues
for the neuromorphic devices. For instance, the P of croconic acid
(CA)*® can achieve ~30 uCcm~2 with a small £, of ~11-29kVcm~",
while the P of diisopropylammonium bromide (DIPAB)*® can be
around 23 uCcm~2 with its E. only ~5kVcm~'. However, high-
quality films and high-density arrays for the promising MFs are
usually difficult to be fabricated®'?, which impedes the develop-
ment of high-performance devices. Recently, various solution
processes including spin coating and in-plane liquid-phase growth
was employed for the growth of MF (e.g., (R)-(-)-3-hydroxlyquinucli-
dinium chloride®® and imidazolium perchlorate®*) films as well as
their electric devices. Resistive memory functions with long retention
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Concept diagram and device characteristics. a 3D and cross-sectional structure of the interfacial device. b Cross-sectional SEM image

of the devices. The scale bar is 200 nm. The insets show the molecular structures of CuPc and DIPAB, respectively. ¢ An optical micrograph of a

single device with a scale bar of 30 pm.

time were observed, though related MF films are discontinuous or
show bamboo-like morphology structures. We also proposed a
solution strategy, i.e, surface tension-assisted drop casting strategy,
for large-area high-quality DIPAB films®? and patterned micro-device
arrays> with high ferroelectricity. These may facilitate the conven-
tional memory device applications for MFs. However, merely the
achievements of long retention time are still not enough for
neuromorphic devices, which should also demonstrate short-term
memory. The potential of MFs for neuromorphic devices are still not
explored to date.

Here, we demonstrate a prototype of light-sensitive molecular
ferroelectric (DIPAB)/semiconductor interfacial memristors for neuro-
morphic devices with tunable conductive path and voltage thresh-
olds. In contrast to the conventional P(VDF-TrFE) bulk-heterojunction
memory diodes with organic semiconductors®”>3 in which P(VDF-
TrFE) directly bridges top and bottom electrodes®®, as well as the
recent MF-based diodes®33* for conventional memory applications,
organic semiconductor interlayers are sandwiched between electro-
des and MF layers to intentionally introduce depolarization fields. The
compensation degree of ferroelectric polarization can be tuned by
the amount of free charges injected through the interlayer due to
ohmic and tunneling effect caused by the MF layer’s field
amplification effect. It is found that the injected charges, captured
by the MF/semiconductor interface as compensation charges, can
contribute to the conductivity of the interface while exhibiting
resistive memory functions. The introduction of semiconductor layers
also provides optoelectronic functionality to the memristor, which
can be self-powered and analogous to visual synaptic activity. High
image recognition accuracy based on the optoelectronic memristors
can be obtained by a neural network. The MF/semiconductor
interfacial memristors with tunable depolarization fields and light
sensitivity may lay the foundation for MF-based neuromorphic
perception, and computation, as well as hardware-implemented
artificial neural network (ANN) image recognition and machine
vision®’.

RESULTS AND DISCUSSION
Ferroelectric properties of DIPAB/CuPc heterostructures

The interfacial devices were fabricated on multiple substrates
(Supplementary Fig. 1) including SiO,/Si (Fig. 1a). Copper
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phthalocyanine (CuPc) films (50 nm) were employed as the
semiconductor layers with two symmetric gold (Au) electrodes
at their bottom. A high-quality DIPAB film (500 nm) was produced
by using surface tension-assisted drop-casting methods (see the
cross-sectional scanning electron microscope (SEM) image in Fig.
1b). As we expected®?, the air-stable DIPAB films show a high
crystallinity with a crystallographic preferential orientation along
the out-of-plane c-axis (Supplementary Fig. 2), suggesting lateral
ferroelectricity. Figure 1c demonstrates a single device with a 5-
pm length channel and a width/length ratio of ~50. It should be
pointed out that electrode patterns do not show significant
influence on the film properties (Supplementary Fig. 3).

To validate the ferroelectric properties of the DIPAB film, surface
morphology, and piezoresponse force microscope (PFM) images
were collected as shown in Fig. 2. The root mean square
roughness of the DIPAB film on CuPc films was determined to
be ~2 nm (Fig. 2a). Lateral (LPFM) and vertical (VPFM) piezoelectric
responses were collected after poling the squared area with a 30 V
tip bias, as illustrated in Fig. 2a. Mainly in-plane polarization can be
observed for the DIPAB films, which is polarized by the lateral
components of tip electric fields®2. As shown in Fig. 2b, large
lateral piezoelectric response was collected with a phase contrast
of ~180° (Fig. 2¢). Instead, the amplitude and phase response of
VPFM is quite weak (Fig. 2d, e). Notably, the left and right borders
of the square area exhibit a zig-zag shape, suggesting that
charged domain walls®® are produced after the poling. It is natural
since only screened ferroelectric polarization can be stable. Typical
phase-voltage and amplitude-voltage hysteresis curves of ferroe-
lectricity were also collected as displayed in Fig. 2f. Therefore, the
as-grown DIPAB films on CuPc can still hold their ferroelectric
properties with a smooth surface.

Resistive memory effect of the DIPAB/CuPc interfaces

Though CuPc is a typical p-type organic semiconductor that can
lead to unipolar injection (i.e., injecting merely free holes for
compensation), stable ferroelectric polarization is still observed. As
shown in Supplementary Fig. 4, switchable in-plane polarization is
demonstrated by poling with PFM tips directly in-contact with one
of the Au electrodes. The phase change for the DIPAB between
the two electrodes is ~180° after polarization reversal. Apparently,
electron injection via CuPc for compensation also occurs, which
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Fig.2 Ferroelectric properties of the DIPAB/CuPc heterostructure. a Surface morphology of a DIPAB film which was symmetrically poled by
a +30V tip bias in the squared area with a size of 3 pm. b-e LPFM amplitude, LPFM phase, VPFM amplitude, and VPFM phase images of the
squared area. f Phase-voltage hysteresis (blue) and butterfly shape amplitude-voltage hysteresis (red) loops. Scale bar is 1 um.

can be ascribed to tunneling effect or breakdown of the CuPc
layer due to the large fields inside, strengthened by the MF layer
during polingS. Therefore, the DIPAB layers can also be switched
using bias voltages applied to the two bottom electrodes, in spite
of the existence of the CuPc interlayer.

The MF/CuPc interfacial horizontal devices were also electrically
characterized, as shown in Fig. 3. It is noted that the interface
between the two layers can demonstrate memristive current-
voltage (I-V) hysteresis loops (see Fig. 3a and inset) once the
applied bias voltages exceed a threshold value of ~5V. For the
sweep range <5V, no loops can be collected (see the red line).
The resistive memory behavior is more distinct with a larger ON/
OFF ratio for wider sweep ranges. The ratio within the range of
—10V-+10V can be estimated to be about 103, It was noted that
the behavior does not exhibit any dependence on electrodes
thickness if it is not too large (Supplementary Fig. 5). Identical to
other memristors, the conductance/resistance largely depends
upon the history of charge flux (Fig. 3b, Supplementary Fig. 6a, b)
through the interface. Charge injection by the predecessor pulses
can induce a larger current and a smaller resistance for the
successive pulses with the same voltage magnitude. These are in
contrast with the single MF or CuPc devices, as demonstrated in
Fig. 3c. Without the CuPc layer, the MF devices exhibit typical
clockwise I-V curves of ferroelectric capacitors with two displace-
ment current peaks at around 5V, caused by ferroelectric
polarization reversal (red curve, Supplementary Fig. 7a). The
coercive voltage (V) can thus be estimated to be around 5V,
matching well with the threshold values for the resistive memory
switching in Fig. 3a. In the case of the CuPc device without MF
layers, however, no distinct hysteresis loops can be obtained and
ohmic behavior is observed (Supplementary Fig. 7b). Hence, the
electric properties are mainly attributed to the interface and
ferroelectric polarization P of the MF layer, instead of the bulk
CuPc layer. We also note that the resistance of pure CuPc devices
slightly decreases even with a larger current inside (Supplemen-
tary Fig. 8) and thus a more distinct thermal effect, while a quick
exponential resistance decline for the interfacial device was
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observed. These indicate that the current increase of the
interfacial device mainly originates from an enlarged charge
density determined by the history of charge flux, instead of
current-induced thermal effect.

The operation of the interfacial memristors can be ascribed to
the tunable blocking effect of the CuPc layer for electrons due to
the field amplification effect®® of MF layers, serving as a
polarization-controlled valve for charge injection. The evolution
of the ferroelectric polarization reversal for an MF/CuPc interface
are labeled as ‘State 1’ to ‘State 4’ with their corresponding energy
diagrams (Fig. 3d-g), which can be regarded as a metal/
semiconductor/MF/semiconductor/metal (MSFSM) structure (Sup-
plementary Fig. 9). Such states are also assigned in Fig. 3a. For a
device pre-poled by an electric field E<-E. (Fig. 3d, ‘State 1),
stable ferroelectric polarization can be achieved with compensa-
tion charges on both sides, thus generating an opposite-field E,.
to the depolarization field inside the MF layer (see the arrows).
Band bending occurs only in the thin compensation charges
layers. Subsequently, a field E>E, is applied to the device for
poling, leading to a fast ferroelectric reversal (Fig. 3e, State 2). The
compensation charges in State 1 can be immediately extracted or
depleted, leading to a larger extent of band bending. With the
exhaustion of the free holes, the right CuPc layer becomes an
insulator which also shares a part of the applied poling voltage.
The field E; in the CuPc layer at this moment can be roughly
estimated based on3®

_ &o&V + diP
* 7 go(esds + &ds)’

where d; and d denote the thicknesses of the MF (d; =5 pum) and
CuPc (d; =50 nm) layers, respectively. & is vacuum permittivity,
while & and & are the relative permittivity of the MF (g = 85)*°
and CuPc (g5 = 3.6). By adopting the spontaneous polarization for
P (23puCcm™2) at V=10V, E is obtained to be 59 MV/cm, much
larger than the breakdown field of CuPc (~2.5 MV/cm)*®. For ‘State
2', the E; can even achieve 118 MV/cm if polarization reversal
occurs prior to the charge extraction. For comparison, the E; is

M
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Fig. 3 Electrical characterizations of the MF/CuPc interfaces. a Memristive behavior with voltage sweep ranges exceeding 5V, which can
also be plotted as the inset in a semi-log scale. b The current response to the series of 10V pulses with a duration of 400 ms. c /-V curves of
single DIPAB and CuPc devices with the same device structure. d Initial state of the MF/CuPc interfaces after poling by a negative electric field

E <-E.. The values of the energy levels for the materials are from literatures

50-52 @ and f Intermediate states in response to a positive poling

field E>E.. The amplification effect of the MF layer can induce large stray fields in the right CuPc interlayer. Electron injection for
compensation occurs due to the large stray fields inside the CuPc. g Final state, which was then read by a negative field <E..

only 0.38 MV/cm if the MF were paraelectric. Apparently, the E in
the CuPc with serious band bending can be large enough to
induce electron injection through breakdown or tunneling, in
order to compensate the amplified E; during poling. It is
impossible to achieve 59 MV/cm for the Ej, since electron injection
should occur prior to the large E; achievement due to tunneling or
breakdown (Fig. 3f, ‘State 3’). With enough injected holes and
electrons (Fig. 3g, ‘State 4'), a stable polarization opposite to ‘State
1" is formed, in spite of an incomplete compensation with a
depolarization field E4 < E.. After the poling, an equilibrium state
can be achieved for the interfacial device.

DIPAB/CuPc interfacial synaptic devices

Since the compensating holes can move along the horizontal MF/
CuPc interface in the semiconductor side (Fig. 4a), they also
contribute to the conductivity of the horizontal interface, similar to
the role of conductive filaments in conventional memristors. If a
negative field Eeaging Smaller than its E. is applied to the device in
state 4, polarization will not be reversed. However, partial
compensation charges can be extracted, which decreases the
charge density inside the CuPc layer and causes a high resistance
state. For the low resistance state, the memristive conductivity
enhancement in Fig. 3b can be ascribed to the transition from
multi-domain to single-domain*® (Supplementary Fig. 9), which
can store more injected charges for compensation and con-
ductivity. Only the bias voltages larger than its V. can induce the
charge injections for the enhancement of the interfacial con-
ductivity (Fig. 3a and Supplementary Fig. 10a, b). This resembles
that action potential firing in synapses can be evoked when the
membrane potential reaches a threshold. It is notable that
continuous charge injection induces a continuous current
increasing even when the voltage bias starts to decrease (i.e.,
the small region of current increasing in Fig. 3a). This behavior can
be suppressed by multiple sweeps (Supplementary Fig. 6a, b),
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confirming that full polarization could be achieved after multiple
poling processes and the stored compensation charge density for
conductivity becomes saturated. Finally, the device is in a thermal
equilibrium state. The injected charges play the same role of
released neurotransmitters in synapses*'#?, resultantly changing
the connection strength for the synapses which can be emulated
by the conductivity variation of the interfacial devices. The
injection-determined multi-level P, and the conductivity, make
the horizontal molecular ferroelectric/semiconductor interface
possible to act as a neuromorphic device.

To emulate biological synapses, the synaptic properties of the
MF/CuPc interfaces were characterized. The device was poled
using pulses of 10V with a 30-ms duration and a 50-ms interval. A
reading pulse of 1V was utilized to read the conductivity (or
weight) of the interface after each poling pulse. The weight
increases with the number of the positive pulses (red curve in Fig.
4b), similar to the behavior of excitatory synapses. It is notable that
the conductivity can also be decreased if a short pulse of —10 V is
applied before reading at 1V, exhibiting the behavior of inhibitory
synapses. This can be ascribed to that the polarization is gradually
reversed by the successive short negative (—10 V) pulses
(Supplementary Fig. 10c), though a single pulse cannot induce a
full polarization reversal keeping the polarity of the net polariza-
tion unchanged. Partial compensation charges can be extracted,
leading to a poor conductivity for the positively poled interface.
Hence, the interface can emulate the behavior of synapses with
synaptic connections more efficient or inefficient by repeated
training®. It is natural since the repeated injection or extraction
with short duration can change compensation charges for the
stabilization of remnant polarization P, in the MF, and for the
conductivity as well. Supplementary Fig. 11 shows the stability
and endurance of the MF/CuPc devices under repeated multiple
pulses. The on/off ratio of the interfacial conductance can still
retain over 50% of its initial values even after 2000 sweeps. The
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Fig. 4 Electrical synaptic characteristics. a Schematic view of the synaptic devices in which injected charges can move along the lateral
interface under bias voltages. b Potentiation and depression behaviors with stimulus pulses for the MF/CuPc interfacial devices. ¢ Schematic
views of the horizontal devices with their electrodes acting as pre- and post-synaptic neurons of a synapse, respectively. Synaptic weights can
be tuned by temporal correlation between pre- and post-spikes. d STDP measurements of the interfacial synaptic device.

high reproducibility indicates that the tunneling effect or break-
down of the CuPc layer does not degrade the performance of the
device. We also note that 90% (>100 devices) of our samples can
exhibit the synaptic behavior. The energy consumption“® for each
event can be estimated to be 113.2pJ-37.8n) during the
potentiation process, which can be further improved by decreas-
ing device sizes.

STDP as a form of competitive Hebbian learning™ for the MF/
CuPc devices was also investigated. In such a mechanism, synaptic
connections can be strengthened or weakened based on the
relations between presynaptic nerve impulses and postsynaptic
firing. For the MF/CuPc interfacial device, its two electrodes play
the roles of pre- and post-synaptic neurons, respectively (Fig. 4c).
Stimulus spikes consist of a short square pulse (500 ms width),
followed by a negative pulse with a linear decay five times longer
than the square pulse. The time interval between pre- and post-
spikes can be expressed as At, which is defined as the arrival time
of pre-spike ahead of post-spike with their superimposed wave-
form as illustrated in the insets of Fig. 4d. With the change of At,
device conductivity/synaptic weight change (AW) can emulate
asymmetric STDP rule (Fig. 4d). The strength of synaptic
connection reaches a peak value of 700% when At is ~700 ms.
As At increases, the causality between pre- and post-spikes
becomes weaker, and AW tends to be zero. Therefore, the MF/
CuPc interfacial device exhibits typical features of a synapse.

DIPAB/CuPc optoelectronic synapses

In addition to the memristive behavior of the MF/CuPc interfaces
with a tunable horizontal conductive path, the introduction of
semiconductor CuPc layers may provide another degree of
freedom for neuromorphic devices, i.e., light sensitivity for optical
signal input. This enables a combination of optical and electrical
stimuli to emulate synaptic behaviors, identical to the three-
terminal optoelectronic synapses*’. Photoresponses from the two
terminal horizontal devices were collected by using a 633-nm laser
which is only absorbed by the CuPc layer (Supplementary Fig.
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12a). Though no photoresponse can be observed for a pristine
device with the symmetric Au electrodes under a zero bias
voltage, photocurrent can be obtained at the zero voltage after
poling with a bias voltage of >V, as shown in Fig. 5a. For a poling
voltage of 10V, it is notable that the photocurrent is proportional
to the poling time with a laser pulse intensity of 25.68 mW cm™2
(duration: 100 ms, period: 200 ms). Longer poling pulses can
induce a lager photoresponse which is a self-driven or self-
powered process. Hence the photocurrent also exhibits multi-level
memory behavior. Commonly, strong electric fields or donor/
acceptor interfaces are always employed to dissociate excitons
with strong binding energy into free holes/electrons in organic
semiconductors. The photocurrent generation due to the extrac-
tion of the free charges can be ascribed to the potential difference
or electrical fields between the two electrodes. Considering the
symmetric inert Au electrodes, the potential difference/built-in
fields are presumably the result of ferroelectric polarization. The
stray fields at MF/CuPc interfaces, caused by incomplete
compensation of polarization, result in the exciton dissociation
and the photocurrent.

Similar to our electrical synapses, the multi-level ferroelectric
polarization substantiates a neuromorphic device, combining the
functions of photoreceptors and synapses. After poling with a 10V
impulse train (duration: 50 ms, period: 100 ms), photocurrent is
collected from the device stimulated by 25.68 mWcm~2 laser
pulses at a zero bias voltage. As the number of the poling pulses
increases (i.e., stronger stimuli), the photocurrent (synaptic weight)
gradually increases and reaches a peak value at about 600 pulses
(see the red curve in Fig. 5b). The photoresponsivity of the
saturated PSCs can achieve a value of 3.62 mA W~ Therefore, the
light-induced PSC shows the similar behavior with the dark PSC
(Fig. 4b) from the MF/CuPc interface. Importantly, the polarity of
the photocurrent can be reversed by applying a voltage pulse of
—10V with a longer duration (i.e, a strong stimulus, see
Supplementary Fig. 12b), which can be ascribed to the polariza-
tion reversal of the MF layer. Similar to the case of dark conditions,
polarization reversal can be gradually switched in case of weak
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Fig. 5 The optical synaptic behavior of the MF/CuPc interfaces. a Self-driven photocurrents after poling at 10V with different pulse
duration. b Synaptic weight or conductance of the interfaces regulated by the numbers of the voltage pulses. The red line represents
potentiation responses after stimulation by +10V pulses, while the blue represents depression after stimulation by —10V pulses. Transition
from STP and LTP can be obtained by increasing the light pulse width (c) or intensity (d).

stimuli (short pulses or smaller pulse numbers of the negative
poling voltage). As shown in Fig. 5b (blue curve), the photocurrent
gradually decreases with weak stimuli, which emulates synaptic
depression. Hence, the increasing or decreasing of the photo-
current induced by light stimuli simulates the generation of nerve
impulses from retinal photoreceptors, which elicits excitatory and
inhibitory synaptic responses. The retention time of the photo-
response after positive poling (10V with a duration of 60s) was
also collected (Supplementary Fig. 12c). After 1000, the photo-
current can still maintain about 90% of the initial value, suggesting
the LTP property. The transition from STP to LTP, which is the basis
for memory, can be observed using light pulses with variable
width (Fig. 5¢) and intensity (Fig. 5d)*¢. The device was pre-poled
with a 15V bias for 30 s and photoresponse was collected at a
constant 0.1V bias. Strong stimuli with a pulse width of 100 ms or
longer illumination time induce a larger PSC with a slower decay.
Both the STP and LTP curves can be fitted with the first-order
exponential decay function (Supplementary Fig. 13). These
resemble the transition from short-term to long-term memory in
biological synapses after repeated training. Therefore, the
combination of light sensitivity and ferroelectric controllable
conductivity enables a wider degree of freedom for the ferro-
electric synaptic devices.

Simulations of image recognition

Since the photosensing and neuromorphic properties may
emulate bio-vision functions (Fig. 6a), the MF/CuPc synapses were
adopted for ANN-based image recognition. It is known that retinal
photoreceptors generate nerve impulses after receiving images
(i.e., light stimuli) and transmitted the impulses through synapses
in the optic nerve connected with visual centers in brains for
image recognition. The MF/CuPc synapses integrated functions of
the retinal photoreceptors, brain-like computing, and memory
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behavior into a single device, while enabling the capability of in-
sensor computing (ISC)*’. The simulation for the in-situ recogni-
tion and classification of optical images is conducted as shown in
Fig. 6b, which describes the structure of a neural network image
sensor based on the proposed optoelectronic synapse*®. Details of
the training algorithm and process of mapping are given in
Supplementary Fig. 14 and Methods section.

Figure 6¢c describes the process of creating 7x 11 pseudo
optical patterns. First, the ideal binary patterns (i.e., 'F, ‘'U’, 'D’, ‘A’
and ‘N’) are generated, where ‘0" implies dark and ‘1" implies light.
Based on the ideal patterns, 2 pixels are randomly turned to be ‘0’
to generate incomplete patterns. Gaussian white noise with
constant mean u =0 and various standard deviations o is added
to obtain noisy patterns. The pseudo optical pattern dataset
(Supplementary Fig. 15) is used to simulate actual light during the
training and testing of the neural network. The network is trained
on the dataset with 0= 0.7 and tested on the datasets with 0=
0.65-0.2. When the network training is over, the weight and the
photoresponsivity obtained will be quantified to 4-bit width. The
results (Fig. 6d) show the classification accuracy decreases with
the noise growth. Furthermore, the accuracy is >95% in all cases,
while virtually 100% if the noise is no more than 0=04
(Supplementary Fig. 16). Hence, the proposed device has shown
its potential applications for neural network optical image sensors,
thus combining the functionalities of sensing and computing on
one chip.

In conclusion, we demonstrated a two-terminal optoelectronic
memristor for artificial synapses with molecular ferroelectric/
semiconductor horizontal interfaces. Benefitting from the
solution-processed highly crystalline DIPAB films with in-plane
polarization and field amplification effect in adjacent organic
semiconductors, light-sensitive MF/CuPc horizontal interfaces as a
conductive path exhibit a promising memristive behavior. It is
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Fig. 6 Biological vision process and the ANN for sensing and recognition. a A biological visual illustration is depicted, focusing on the
details of nerve cell signaling as well as synaptic connections. b The structure and principles of the ANN image sensor. ¢ The process of
creating pseudo optical patterns. d The classification accuracy decreases with the noise growth. The green bar indicates the accuracy after
4-bit weight quantization, and the purple bar indicates that of an unquantized model. The image above is a representation of the ‘F’ image
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found that the electron injection at CuPc/Au contacts for the
interfacial devices can be tuned by the large stray fields from the
MF layer after poling. The tunable injection leads to a tunable
remnant polarization and thus multi-level memory functionality
resembling synaptic features. The semiconductor CuPc layer also
enables the devices to materialize optoelectronic synapses,
implying a possibility for artificial vision systems. Furthermore,
an ANN based on the MF/CuPc devices was actualized for optical
image sensing, transformation, and processing, with high
recognition accuracy. Though the intrinsic large spontaneous
polarization and small coercive field of DIPAB may ensure more
memory states and smaller device operation voltages, other MFs
including molecular ferroelectric semiconductors for optoelectro-
nic neuromorphic devices can also be expected if multi-step
polarization with tunable depolarization fields can be achieved.
These observations can lay the foundation for the applications of
MF/semiconductor interfaces in artificial ferroelectric synapses and
hardware-implemented ANNs for neuromorphic sensing and
computing.

METHODS

Device fabrication

All the materials including solvents were commercially obtained, except
DIPAB which was synthesized as described in ref. 3. Various substrates
including silicon, glass, and polyimide (Pl) were employed which are
ultrasonically cleaned with acetone, isopropanol, and deionized water for
30min each. The residuals on the substrates were blown off using
nitrogen. Subsequently, electrode patterns were developed on a spin-
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coated photoresist film by deep ultraviolet lithography. Cr (5nm)/Au
(60 nm) electrodes were then deposited by thermal evaporation. After
lifting the resist, Au electrode pairs with a gap of 5 pm were obtained.
Semiconductor interlayers of CuPc thin film were thermally evaporated.
The thickness of these films was estimated to be around 50 nm. Finally, a
500-nm DIPAB film was prepared by surface tension-assisted drop casting
on the CuPc layers, which can exhibit a large P>* of ~20uCcm=2. To
remove residual solvents, the samples are heated at 100 °C in air for 1h.
The thicknesses were tested by a step profiler (Alpha-Step D-500 Stylus
Profiler).

Characterizations

To characterize the devices, SEM images were recorded using a Zeiss
Sigma HD scanning electron microscope. Piezoresponse force microscopy
(PFM, Asylum Research, Cypher) was utilized to obtain the surface
morphology and ferroelectric properties of the DIPAB films at room
temperature in air. Samples were characterized with an AC tip bias of 1V.
For poling, a DC tip bias of 30 V was applied with electrodes disconnected
to measurement circuits. Electrical characterization was carried out by
fixing samples on a probe station with electrodes connected to the source
meter (Agilent B1500A). In addition, a laser with a wavelength of 633 nm
was employed for the photoconductivity measurements.

Image recognition simulation

Voltage-pulse-regulated photoresponsivity with different stimulus inten-
sities (extracted from Fig. 5b, d) was employed for the simulation of optical
image recognition. The neural network image sensor based on the
proposed optoelectronic memristors, possessing the functions of sensing,
storage, and computing, consists of 77 pixels which are arranged in 7 x 11
arrays to receive optical images. Each pixel serves as an input neuron,

npj Flexible Electronics (2022) 16



np)

Y. Cai et al.

which is divided into 5 sub-pixels corresponding to five synaptic weights
(SWs). Similarly, each sub-pixel is composed of two optoelectronic
memristors to implement negative weight values. When each optoelec-
tronic synapse receives the light, it will generate a corresponding
photocurrent /| =R X P, where P is the received illumination power and R
(proportional to trained weight value W as shown in Fig. 6b) denotes the
photoresponsivity of the devices which can be pre-programmed with the
voltage pulses. Meanwhile, P, (1 <n <77) denotes the received illumina-
tion power of each pixel, and R, , (1 < m < 5) denotes photoresponsivity of
each sub-pixels. The photoresponsivity R programmed by poling voltage is
quantized in our simulation (Rnin and Rnax were extracted from Fig. 5b
which also describes the mapping relation between R and poling pulses).
Photocurrent of the sub-pixels representing the same SW are summed up
according to Kirchhoff's law and collected with a differential sense
amplifier, forming the Multiply-Accumulate (MAC) arithmetic®. After
adding a bias value B, each output can be written as Eq. (2) (Fig. 6b)

77
Im:ZRn‘mPn‘FBm-,‘ISmSi (2)

n=1

The result obtained is passed through the sigmoid activation function to
achieve the output, where the sigmoid function is a bounded, differenti-
able, and real function commonly defined as o(x) =1/(1 + e™) which
introduces non-linearity into the neural network model**. Among five
output neurons, the one with the largest output value represents the
classification result.

Normalized input image patterns are generated with MATLAB by turning
off individual pixels and adding Gaussian white noise based on the ideal
patterns. Each pattern’s value is mapped with a various standard deviations
range of 0-1, corresponding to the normalized optical power. Weight values
are trained and quantized to 4-bit width. In the training process of the neural
network, we select the Cross-entropy loss function, whose gradient will be
used to update the weight of the network and photoresponsivity of the
devices. As Supplementary Fig. 17 shows, the loss fast converges to the final
value after four epochs, and the loss at this time is 0.038. Subsequently, a
2-layer fully connected network, which is defined with the output layer using
a sigmoid activation function, is trained and tested with the noisy patterns.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
author upon request.

CODE AVAILABILITY

The code used in this study is available from the corresponding author upon
reasonable request.

Received: 13 September 2021; Accepted: 16 February 2022;
Published online: 18 March 2022

REFERENCES

1. Indiveri, G. & Liu, S. C. Memory and information processing in neuromorphic
systems. Proc. IEEE 103, 1379-1397 (2015).
2. Wang, J. R. & Zhuge, F. Memristive synapses for brain-inspired computing. Adv.
Mater. Technol. 4, 1800544 (2019).
. Zhang, W. et al. Neuro-inspired computing chips. Nat. Electron. 3, 371-382 (2020).
4. Backus, J. Can programming be liberated from the von Neumann style? Commun.
ACM 21, 613-641 (1978).
5. Beyond von Neumann. Nat. Nanotechnol. 15, 507 (2020). https://doi.org/10.1038/
541565-020-0738-x.
6. lelmini, D. & Wong, H. S. P. In-memory computing with resistive switching
devices. Nat. Electron. 1, 333-343 (2018).
7. Chua, L. O. Memristor—the missing circuit element. IEEE Trans. Circuit Theory 18,
507-519 (1971).
8. Strukov, D. B., Snider, G. S., Stewart, D. R. & Williams, R. S. The missing memristor
found. Nature 453, 80-83 (2008).
9. Borghetti, J. et al. ‘Memristive’ switches enable ‘stateful’ logic operations via
material implication. Nature 464, 873-876 (2010).
10. Chen, A. P. et al. Couplings of polarization with interfacial deep trap and Schottky
interface controlled ferroelectric memristive switching. Adv. Funct. Mater. 30,
2000664 (2020).

w

npj Flexible Electronics (2022) 16

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

a4,

. Ly, K. et al. Diverse spike-timing-dependent plasticity based on multilevel HfO (x)

memristor for neuromorphic computing. Appl. Phys. A 124, 438 (2018).

. Wang, Z. et al. Fully memristive neural networks for pattern classification with

unsupervised learning. Nat. Electron. 1, 137-145 (2018).

. Yao, P. et al. Fully hardware-implemented memristor convolutional neural net-

work. Nature 577, 641-661 (2020).

. Huang, X. D. et al. Enhancement of DC/AC resistive switching performance in

AlOx memristor by two-technique bilayer approach. Appl. Phys. Lett. 116, 173504
(2020).

. Khan, A. |, Keshavarzi, A. & Datta, S. The future of ferroelectric field-effect tran-

sistor technology. Nat. Electron. 3, 588-597 (2020).

. Jeon, H. et al. Hysteresis modulation on Van der Waals-Based ferroelectric field-

effect transistor by interfacial passivation technique and its application in optic
neural networks. Small 16, 2004371 (2020).

. Wang, S. V. et al. Two-dimensional ferroelectric channel transistors integrating

ultra-fast memory and neural computing. Nat. Commun. 12, 53 (2021).

. Si, M. W. et al. A ferroelectric semiconductor field-effect transistor. Nat. Electron. 2,

580-586 (2019).

. Tang, B. et al. Novel type of synaptic transistors based on a ferroelectric semi-

conductor channel. ACS Appl. Mater. Interfaces 12, 24920-24928 (2020).

Boyn, S. et al. Learning through ferroelectric domain dynamics in solid-state
synapses. Nat. Commun. 8, 14736 (2017).

Chanthbouala, A. et al. A ferroelectric memristor. Nat. Mater. 11, 860-864 (2012).
Lee, Y. R, Trung, T. Q, Hwang, B. U. & Lee, N. E. A flexible artificial intrinsic-
synaptic tactile sensory organ. Nat. Commun. 11, 2753 (2020).

Tian, B. B. et al. A robust artificial synapse based on organic ferroelectric polymer.
Adv. Electron. Mater. 5, 1800600 (2019).

Yan, M. G. et al. Ferroelectric synaptic transistor network for associative memory.
Adyv. Electron. Mater. 7, 2001276 (2021).

Majumdar, S., Tan, H. W., Qin, Q. H. & van Dijken, S. Energy-efficient organic
ferroelectric tunnel junction memristors for neuromorphic computing. Adv.
Electron. Mater. 5, 1800795 (2019).

Tu, L. et al. A wide-range operating synaptic device based on organic ferroe-
lectricity with low energy consumption. RSC Adv. 8, 26549-26553 (2018).

Asadi, K., de Leeuw, D. M., de Boer, B. & Blom, P. W. Organic non-volatile mem-
ories from ferroelectric phase-separated blends. Nat. Mater. 7, 547-550 (2008).
Ducharme, S. et al. Intrinsic ferroelectric coercive field. Phys. Rev. Lett. 84, 175-178
(2000).

Horiuchi, S. et al. Above-room-temperature ferroelectricity in a single-component
molecular crystal. Nature 463, 789-792 (2010).

Fu, D. W. et al. Diisopropylammonium bromide is a high-temperature molecular
ferroelectric crystal. Science 339, 425-428 (2013).

Hu, L. G. et al. Space-charge-stabilized ferroelectric polarization in self-oriented
croconic acid films. Adv. Funct. Mater. 28, 1705463 (2018).

Jin, W. et al. Wafer-scale diisopropylammonium bromide films for low-power
lateral organic ferroelectric capacitors. Adv. Electron. Mater. 7, 2000778 (2021).
Zhang, Z. L. et al. Light-controlled molecular resistive switching ferroelectric
heterojunction. Mater. Today Commun. 34, 51-57 (2020).

Zhang, Z. et al. Tunable electroresistance and electro-optic effects of transparent
molecular ferroelectrics. Sci. Adv. 3, €1701008 (2017).

Cai, Y. et al. Self-assembled non-volatile micro memory arrays of molecular fer-
roelectrics. J. Mater. Chem. C 8, 16742-16748 (2020).

Hu, L., Dalgleish, S., Matsushita, M. M., Yoshikawa, H. & Awaga, K. Storage of an
electric field for photocurrent generation in ferroelectric-functionalized organic
devices. Nat. Commun. 5, 3279 (2014).

Tang, J. et al. Bridging biological and artificial neural networks with emerging
neuromorphic devices: fundamentals, progress, and challenges. Adv. Mater. 31,
1902761 (2019).

Lu, H. et al. Statics and dynamics of ferroelectric domains in diisopropylammo-
nium bromide. Adv. Mater. 27, 7832-7838 (2015).

Blinov, L. M,, Lazarev, V. V., Yudin, S. G. & Palto, S. P. Strong amplification of an
electric field and electro-optical response in ultrathin heterostructures
ferroelectric-linear dielectric. JETP Lett. 95, 160-163 (2012).

Tian, B. B., Zhong, N. & Duan, C. G. Recent advances, perspectives, and challenges
in ferroelectric synapses. Chin. Phys. B 29, 097701 (2020).

Zhang, S--R. et al. Artificial synapse emulated by charge trapping-based resistive
switching device. Adv. Mater. Technol. 4, 1800342 (2019).

Ham, S. et al. One-dimensional organic artificial multi-synapses enabling elec-
tronic textile neural network for wearable neuromorphic applications. Sci. Adv. 6,
eaba1178 (2020).

Luo, Z. D. et al. Artificial optoelectronic synapses based on ferroelectric field-
effect enabled 2D transition metal dichalcogenide memristive transistors. ACS
Nano 14, 746-754 (2020).

Caporale, N. & Dan, Y. Spike timing-dependent plasticity: a Hebbian learning rule.
Annu. Rev. Neurosci. 31, 25-46 (2008).

Published in partnership with Nanjing Tech University


https://doi.org/10.1038/s41565-020-0738-x
https://doi.org/10.1038/s41565-020-0738-x

45. Han, X. et al. Recent progress in optoelectronic synapses for artificial visual-
perception system. Small Struct. 1, 2000029 (2020).

46. Feng, G. D. et al. Flexible vertical photogating transistor network with an ultra-
short channel for in-sensor visual nociceptor. Adv. Funct. Mater. 31, 2104327
(2021).

47. Zhou, F. C. & Chai, Y. Near-sensor and in-sensor computing. Nat. Electron. 3,
664-671 (2020).

48. Mennel, L. et al. Ultrafast machine vision with 2D material neural network image
sensors. Nature 579, 62-66 (2020).

49. Sebastian, A, Le Gallo, M., Khaddam-Aljameh, R. & Eleftheriou, E. Memory devices
and applications for in-memory computing. Nat. Nanotechnol. 15, 529-544
(2020).

50. Hill, I. G. & Kahn, A. Organic semiconductor heterointerfaces containing bath-
ocuproine. J. Appl. Phys. 86, 4515-4519 (1999).

51. Holzl, J. & Schulte, F. K. (eds) Solid Surface Physics Vol. 85 (Springer, 1979).

52. Chu, C. W, Shrotriya, V., Li, G. & Yang, Y. Tuning acceptor energy level for efficient
charge collection in copper-phthalocyanine-based organic solar cells. Appl. Phys.
Lett. 88, 153504 (2006).

ACKNOWLEDGEMENTS

We thank Mingsheng Xu for his help in the synthesis of MFs and Fengcai Liu for her
help in SEM measurements. This research was supported by the Natural Science
Foundation of China (Nos. 62074040, 62074045, 61804055) and the Natural Science
Foundation of Shanghai (Nos. 20ZR1404000, 19JC1416700).

AUTHOR CONTRIBUTIONS

L.H. directed this work, Y.C. conducted experiments, fabricated devices, and analyzed
data. M.Y. and B.T. performed most parts of the PFM measurements and analyze their
physics. Y.Q., J.Z,, and Y.J. built the neural network model and performed simulations.
All the authors co-wrote the manuscript.

Published in partnership with Nanjing Tech University

Y. Cai et al.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541528-022-00152-0.

Correspondence and requests for materials should be addressed to Bobo Tian, Yajie
Qin or Laigui Hu.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

npj Flexible Electronics (2022) 16


https://doi.org/10.1038/s41528-022-00152-0
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Molecular ferroelectric/semiconductor interfacial memristors for artificial synapses
	Introduction
	Results and discussion
	Ferroelectric properties of DIPAB/CuPc heterostructures
	Resistive memory effect of the DIPAB/CuPc interfaces
	DIPAB/CuPc interfacial synaptic devices
	DIPAB/CuPc optoelectronic synapses
	Simulations of image recognition

	Methods
	Device fabrication
	Characterizations
	Image recognition simulation

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




