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ABSTRACT: Neuromorphic visual sensory and memory systems,
which can perceive, process, and memorize optical information,
represent core technology for artificial intelligence and robotics
with autonomous navigation. An optoelectronic synapse with an
elegant integration of biometric optical sensing and synaptic
learning functions can be a fundamental element for the hardware-
implementation of such systems. Here, we report a class of
ferroelectric field-effect memristive transistors made of a two-
dimensional WS2 semiconductor atop a ferroelectric
PbZr0.2Ti0.8O3 (PZT) thin film for optoelectronic synaptic devices.
The WS2 channel exhibits voltage- and light-controllable
memristive switching, dependent on the optically and electrically
tunable ferroelectric domain patterns in the underlying PZT layer.
These devices consequently show the emulation of optically driven synaptic functionalities including both short- and
long-term plasticity as well as the implementation of brainlike learning rules. Integration of these rich synaptic
functionalities into one single artificial optoelectronic device could allow the development of future neuromorphic
electronics capable of optical information sensing and learning.
KEYWORDS: two-dimensional material, ferroelectric, memristive transistor, ferroelectric memory, optoelectronic device

Emulation of biological visual and learning functions has
emerged as a highly sought-after concept in artificial
intelligence and neuromorphic electronics for next-

generation artificial visual systems.1−7 Current neuromorphic
vision technology is suffering from high circuitry complexity
and power consumption, low efficiency, and difficulties in
device miniaturization mainly due to the physical separation of
the optic sensing, processing and memory units.1−7 Over-
coming these limitations could be achieved by adopting
sensory and computation concepts inspired by biology, which
demands a more elegant strategy to organize photoreceptors
and memory/processing elements. In a real visual memory
system,8 the optical information sensed by the eyes transfers
from neuron to neuron through synapses and is processed or
“memorized” in neural networks. This “learning” process is
enabled by the synaptic plasticity, that is, reconfiguration of
connections (or weights) of a synapse caused by the light-
induced neural activity. Depending on the strength of the
synaptic connection change, two types of synaptic plasticity

have been proposed to synergistically complete the ability of
“learning” in neural networks:9−11 short-term plasticity
manifesting a temporal synaptic connection variation and
long-term plasticity induced by a stronger connection change
of the synapse. Therefore, for realizing advanced artificial visual
devices with intrinsic optic sensory and neuromorphic
computing behaviors, the hardware implementation of a
biology-inspired optoelectronic synapse that includes both
light detection and emulation of synaptic plasticity learning
rules is critical.
Memristors, or memristive devices,12−15 exhibiting resistive

switching (RS) behavior reminiscent of synaptic plasticity in
biological synapses, are establishing promising paradigms for
artificial neuromorphic electronics.16,17 However, imitation of
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synaptic responses and human brainlike memory functions
through dynamic manipulation of electronic properties in a
memristive device, is normally achieved only by using electric
stimuli.18−22 Reliance solely on the electric tunability presents
a serious challenge for the application of memristive devices in
neuromorphic vision systems since an optoelectronic synaptic
device demands the efficient integration of both light and
electrical control over the device properties. Therefore, the
strong photonic-electronic coupling in a single device is a
prerequisite for an optoelectronic memristive synapse.3,4,23

Unfortunately, for those mainstream memristive elements, i.e.,
memristors with a two-terminal vertical structure, such a
requirement demands the coexistence of electro- and photo-
active functionalities in a single RS material, which could be a
daunting challenge.
In contrast, the emerging three-terminal transistor-geometry

memristive devices appear to be a promising platform to
accommodate versatile control parameters and thus increase
device functionalities.24 In such devices, the synergy between
the lateral channel material and the neighboring gate
component could be exploited to combine distinct physical
properties of different elements assembled in one single
structure. Atomically thin and transferrable two-dimensional
(2D) layered materials, whose physical properties can be
strongly influenced by the neighboring substrate or capping
layer,25 are considered as appealing candidates for use as
conducting channels in such devices. There has been a
plethora of demonstrations of the feasibility of such approach
including but not limited to substrate strain induced change of

the 2D channel electronic and structural properties,26 gate
dielectric doping enabled modulation of the electronic,27−29

ferromagnetic30,31 and photonic behavior,32,33 ferroelectric-
gating nonvolatile switching of transport properties,34−36 etc.
However, a pure gate-controllable 2D memristive transistor
with simultaneous optical and electrical control, which could
address the urgent need for optoelectronic neural synaptic
devices, has not yet been demonstrated.
In this work, we report a proof-of-concept demonstration of

a class of 2D optoelectronic synapses based on ferroelectric
field-effect memristive transistors using a layered transition
metal dichalcogenide (TMDC) channel atop a ferroelectric
oxide thin film. Here, we use a few-layer-thin WS2, a typical 2D
TMDC semiconductor with excellent optoelectronic proper-
ties,37,38 as a conducting channel and PbZr0.2Ti0.8O3 (PZT)
thin film as the ferroelectric gate dielectric whose switchable
and permanent polarization can tailor the transport properties
in the WS2 channel.

34−36 Beyond the conventional memristive
switching of WS2 via electrical tuning of the PZT polarization,
we demonstrate that the WS2/PZT memristive transistor can
emulate complex light-controlled neuromorphic synaptic
functionalities, such as short-term plasticity, long-term
plasticity and implement the optical information-driven long-
and short-term memory learning rules. The presented
optoelectronic 2D memristive transistors with complex
synaptic functionalities could offer a promising solution for
future neuromorphic visual synaptic devices and optoelectronic
memory applications.

Figure 1. Device configuration and electrical characteristics of the WS2/PZT FeFET. (a) Schematic drawing of the device geometry. (b)
Optical image of a representative WS2/PZT FeFET device. Scale bar: 20 μm. (c) Topography image and height profile of the WS2/PZT
taken using contact-mode AFM scanning. Scale bar: 1 μm. (d) Raman spectrum of the WS2 flake used for the device. (e) Ferroelectric
hysteresis loops of the same PZT film with Au and Au/WS2 top electrodes, acquired at 100 Hz voltage frequency. (f) Current−voltage curves
of the WS2 at down and up polarization states of the PZT, respectively. (g) Electrically controlled conductance states of the device with 100
μs (blue) and 500 μs (red) pulses, respectively, where the device readout bias was kept at 0.1 V. The current states were readout after ∼1
min waiting time following each voltage pulse.
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RESULTS AND DISCUSSION

The hybrid WS2/PZT memristive ferroelectric field-effect
transistor (FeFET) is schematically illustrated in Figure 1a.
High-quality PZT (∼100 nm) thin films were fabricated on ∼5
nm SrRuO3 (SRO) conducting layer buffered SrTiO3 (STO)
substrates (see the Experimental Section and Figure S1,
Supporting Information). WS2 flakes were obtained from bulk
single crystals using the gold-assisted mechanical exfoliation
method and then transferred onto those PZT films.39,40 Au
(∼200 nm) drain and source electrodes were deposited on the
WS2/PZT heterostructures, defining a 9 μm wide and 2.7 μm
long channel; see Figure 1b. In order to minimize the leakage
current of the devices, an ∼100 nm Al2O3 insulating layer was
deposited on the sample prior to the electrode fabrication to
separate Au electrodes from the PZT layer. The detailed device
fabrication process is shown in Figure S2 (Supporting
Information). The morphology of the resultant WS2/PZT
heterostructure was checked by atomic force microscopy
(AFM). As shown in Figure 1c, the ∼3.2 nm thin WS2 flake
was conformally attached to the PZT surface as evidenced by
the high resemblance in WS2 and PZT topography. The WS2
flake was further analyzed by the Raman spectroscopy, with
532 nm excitation, which confirms the quality of the
transferred WS2; see Figure 1d and Figure S5 (Supporting
Information).
Next, we examined ferroelectric properties of the Au/PZT/

SRO and Au/WS2/PZT/SRO capacitor structures, respec-
tively. As shown in Figure 1e, an excellent ferroelectric
response was observed in the Au/PZT/SRO capacitor. In
contrast, the Au/WS2/PZT/SRO capacitor showed a robust
ferroelectric hysteresis loop but with slightly smaller remnant

polarization and asymmetric coercive voltage. We argue that
such a change of the ferroelectric hysteresis loop is a
manifestation of the ferroelectric polarization induced doping
effect in WS2. As the upward and downward polarizations of
PZT introduce massive charge accumulation and depletion in
the WS2, the carrier density variation in the semiconducting
WS2 can greatly change the compensation level to the PZT
polarization and thus leads to the observed ferroelectric
response difference between Au/WS2/PZT and Au/PZT
structures. Similar results have also been observed in
graphene/PZT capacitors.41

This ferroelectric polarization doping induced manipulation
of WS2 electronic properties is further confirmed by measuring
transport properties of the WS2/PZT FeFET. As shown in
Figure 1f, a distinct conductance change of the WS2 channel
was observed when the PZT polarization directions were fully
switched using 1 ms long positive and negative 5 V gate voltage
(Vg) pulses. More specifically, the drain currents (Id) of ∼0.6
μA and ∼0.2 nA were obtained in WS2 for polarization down
and up states, respectively, at driving voltage Vd = 0.1 V. We
also measured the leakage current between the WS2 channel
and gate and found a negligible value (∼0.01 nA) at the same
readout voltage; see Figure S6 (Supporting Information). Note
that in the following results the drain current was readout using
a driving voltage of 0.1 V (Vd = 0.1 V) unless otherwise stated.
We further investigated the channel conductance modulation
as a function of amplitude and duration of applied voltage
pulses. Figure 1g shows gradual conductance changes of the
WS2 channel triggered by voltage pulses of varying polarity,
amplitude, and duration. This conductance switching features
several key characteristics of a memristive device, such as

Figure 2. Light programming of memristive levels in WS2/PZT transistors. (a) Channel conductance evolution by illuminating the WS2/PZT
with 532 nm light pulses. Here, a pulse train consists of five light pulses. (b) PFM images showing the light-induced PZT ferroelectric
domain evolution as a function of light exposure time. The red circle highlights the area covered by a small WS2 flake. Scale bar: 1 μm. (c)
Dynamic conductance change of the device after exposed to a single 532 nm light pulse. Light power using 532 nm wavelength (d) and light
wavelength (e) dependence of the light-induced conductance switching in WS2/PZT memristive transistors.
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nonvolatile and multiple states and frequency dependence,16

unambiguously proving that the WS2/PZT FeFET can be
operated as a memristive transistor. Here, as observed in
ferroelectric-based devices,34,42,43 the memristive switching is
proposed to be due to the voltage history-dependent gradual
evolution of up/down ferroelectric domains.42,43 Specifically,
by applying suitable voltages through the WS2 on the
underneath PZT, the PZT could exhibit a series of mixed
domain states, namely the coexistence of upward and
downward ferroelectric domains underneath the WS2 channel.
The up/down ferroelectric domains giving surface areas with
positive or negative polarizations, can result in charge
accumulation or depletion in the adjacent WS2. Therefore,
by setting the PZT underneath the WS2 into different mixed
domain states, i.e., different ratios between up and down
ferroelectric domains, the WS2/PZT devices can consequently
exhibit various conductance states due to the ferroelectric field
effect.
It has been shown previously that in the 2D TMDC/

ferroelectric oxide film heterostructure light can switch the
ferroelectric polarization.44 Here, having demonstrated electri-
cally driven memristive properties in the WS2/PZT FeFET, we
now show light-enabled memristive switching in the device.
Under periodic exposure of 100 ms long 532 nm light pulses
(with the power P = 10 μW at a repetition rate of 0.5 Hz), a
dynamic light-programmed conductance switching was ob-
served in the WS2/PZT FeFET; see Figure 2a. Starting from
the insulating state (Id = ∼ 0.1 nA, set by −5 V pulse), with an
increasing number of light-pulse trains (each with 5 pulses),
the conductance of the WS2 channel was increased and
eventually reached a saturated state with Id = ∼ 0.3 μA which is
comparable to the conductance state set by the positive voltage
shown in Figure 1g. It is worth noting that the Id of the WS2
measured in the dark after each light pulse train shows a long
retention, which suggests the great potential of WS2/PZT
FeFET devices for use as multilevel optoelectronic memo-
ries.45

To explore the underlying mechanism for the light induced
conductance switching, we conducted photo-assisted piezor-
esponse force microscopy (ph-PFM) measurements on WS2/
PZT devices (see Figure S7 in the Supporting Information for
the experimental setup). The results are summarized in Figure
2b. We first set the WS2-covered PZT and part of the bare
PZT into the upward polarization state by scanning using 5 V
sample bias. Next, we scanned the same area of the WS2/PZT
in the dark after a series of 10 s long light illumination (532
nm, P = ∼4 μW). Four representative PFM images obtained
during this process are shown here (Figure 2b): with
increasing accumulated illumination time, the polarization of
the PZT underneath the WS2 was gradually switched into the
downward state, resulting in various mixed domain patterns,
while that of the bare PZT kept the same direction. In contrast,
the WS2/PZT with the downward polarization at start showed
no change of PFM signal after light illumination. This light-
driven ferroelectric polarization switching process can be
explained using a recently proposed theory considering the
interplay between photoinduced charges in 2D semiconductors
and polarization charges in the ferroelectrics.44 The WS2/PZT
structure has a preferred downward polarization (Figure 1f)
and thus a downward build-in electric field (Ebi). While the
PZT is in an upward polarization state, light-absorption created
intralayer excitons in WS2 decay into interlayer excitons,
resulting in positive charge accumulation at the WS2/PZT

interface. These light-induced charges screen the upward
polarization and lead to the polarization reversal driven by Ebi.
Meanwhile, a light-induced polarization switching from
downward to upward is not permitted because of the
downward-oriented Ebi.

44 These results shown in Figure 2b
accord well with the light-induced WS2 conductance change in
the device as shown in Figure 2a. These multilevel
conductance states after each light pulse trains shown in
Figure 2a can thus be attributed to mixed PZT domain states
with different ratios between upward and downward ferro-
electric domains, which is similar to the electrically controlled
memristive switching demonstrated in the previous section.
Detailed analysis of the dynamics of the light-induced

conductance change is shown in Figure 2c. After a single 100
ms long light pulse (532 nm, P = 10 μW) on the WS2/PZT
FeFET, a current surge occurred immediately as the
consequence of light-induced WS2 photoconductivity enhance-
ment. Afterward, the conductance of the device reached a
stable value (remnant Id) in responding to the PZT domain
rearrangement after a short relaxation process. The optical
tuning of the remnant conductance of the WS2 can be
attributed to the light-reconfigured domain state of the PZT.
In this case, a higher ratio of downward polarization was
created by the light induced switching from the upward
polarization state. The relaxation of the conductance can be
accounted on the persistent photoconductivity (PPC) in
WS2,

46 which is a widely observed phenomenon in 2D
TMDCs (see also Figure S9, Supporting Information).
According to the model regarding the light-induced polar-
ization switching in 2D TMDC/ferroelectric heterostructures,
the light absorption of WS2 which affects the charge
accumulation at the interface is an important parameter to
control the switching process.44 We verified this idea by
detecting the conductance change of the WS2/PZT device
after exposure to light with varying powers and wavelengths.
Figure 2d shows increased light-enhanced conductance
response in WS2 with increasing light power. The light pulses
used here were with 532 nm wavelength, 100 ms duration, and
0.1 Hz. As can be seen here, by increasing the light intensity
from 0.3 to 10 μW, significant conductance enhancement was
observed after 5 pulses of light, which suggests that the higher
charge accumulation due to stronger light adsorption of WS2
can indeed lead to a faster polarization switching process in the
PZT. WS2 exhibits higher responsivity to light with shorter
wavelength,47 which suggests that light with higher photon
energy could induce stronger charge accumulation at the WS2/
PZT interface and consequently lead to faster polarization
switching in PZT. As shown in Figure 2e, by decreasing the
light wavelength from 633 to 405 nm, almost 1 order of
magnitude change of WS2 conductance enhancement was
observed after same numbers of (7 pulses) of light exposure,
proving that light with higher responsivity in WS2 can cause
stronger charge accumulation at the interface. The 633, 532,
and 405 nm light with 5.2, 4.7, and 3.9 μW intensities were
used here, respectively. Note that the light intensity used for
each wavelength was not the same due to experimental
limitation. Overall, the light-triggered multilevel and non-
volatile conductance states, and light spectrum response,
shown by these WS2/PZT memristive transistors, indicate their
promising potential for emulation of optoelectronic synaptic
functions with light color recognition.
Following investigations of electrically and optically tunable

memristive switching in WS2/PZT transistors, we further show

ACS Nano Article

DOI: 10.1021/acsnano.9b07687
ACS Nano XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b07687/suppl_file/nn9b07687_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b07687/suppl_file/nn9b07687_si_001.pdf
http://dx.doi.org/10.1021/acsnano.9b07687


the realization of three-terminal optoelectronic neural synapses
that emulate optical sensing and synaptic plasticity behaviors
using WS2/PZT devices. The basic operating mechanism is
shown in Figure 3a. As demonstrated in previous sections, light
and voltage can both manipulate mixed ferroelectric domain
states in the WS2 channel covered PZT. Using suitable optical
and electrical pulses, the ratio between upward (Sup) and
downward (Sdown) domains, i.e., Sup/(Sup+ Sdown), where 0 ≤ S
≤ 1, can be driven into a large number of values between 0 and
1, leading to multilevel conductance values between OFF
(lowest conductance) and ON (highest conductance) states in
WS2 channel through the ferroelectric field effect (see Figure
3a). In our memristive transistors, such ferroelectric domain
reconfiguration related nonvolatile optical induced conduc-
tance increase and electrically induced conductance decrease
behaviors can mimic the optically induced long-term
potentiation (LTP) and electrically enabled long-term
depression (LTD) functions in biologic synapses; see Figure
3b. As illustrated in Figure 3b, the conductance of the WS2
channel, which can be referred to postsynaptic current (PSC)
in a synaptic device, is shown to increase with applying a series
of 100 ms long light pulses (532 nm, P = 10 μW) and decrease
with the repetition of 5 μs long voltage pulses at −3.5 V. The
retention characteristics of the device after optical and
electrical stimuli are displayed in parts c and d, respectively,
of Figure 3. Here, three representative time-dependent PSC
decay curves at different current levels taken during optical
LTP and electrical LTD process are displayed, clearly
demonstrating the stability of the WS2/PZT optoelectronic
synapse against time and further confirms the optoelectrical
long-term plasticity synaptic functions.
In neurology, long-term plasticity and short-term plasticity

are believed to cooperatively complete learning and memory
functionalities in the human brain, that is, long-term memory
(LTM) and short-term memory (STM).11,48 In neuromorphic
synaptic devices, while long-term plasticity refers to the ability

of holding the memory state for a relatively long time, the
short-term plasticity requires the device to relax back to the
original conductance state on time scales from milliseconds to
minutes after exposure to the external stimuli.11,22,48,49 In
previous studies, ferroelectric-based memristive devices have
demonstrated the long-term plasticity synaptic function and its
characteristic features like spike-timing-dependent plasticity by
exploiting the dynamic ferroelectric domain evolution and
robust domain stability.42,43 However, most of them fail to
emulate the short-term plasticity as such a function requires a
volatile behavior which is against the nature of nonvolatile
ferroelectric switching.18 In the following, different from the
long-term plasticity demonstrated above, we show that WS2/
PZT memristive transistor can also exhibit optically induced
short-term plasticity using relatively low intensity light
excitations.
As shown in Figure 4a, the light-induced conductance

enhancement in WS2 rapidly decays to 0 within 10 s after
illumination with a single 0.19 μW and 100 ms long 532 nm
light pulse, demonstrating a light-induced short-term potentia-
tion (STP) behavior. In stark contrast, using a higher light
intensity (28 μW), a stable enhanced conductance state after
the same decay time as that of STP can be observed in Figure
4b. This much slower decay marked by such a retention
enhancement agreed well with the LTP behavior. To better
analyze memory retention (Mt), we define Mt as the
normalized time dependent current decay48

M I I I I( )/( )t t off max off= − − (1)

where It is the current changing with time, Ioff is the initial
current, and Imax is the maximum current. The relaxation
behavior of light induced memory state change can then be
described by the Kohlrausch stretched-exponential func-
tion22,48,49

M texp ( / )t τ∼ [ − ]β
(2)

Figure 3. Long-term optical and electrical synaptic plasticity characteristics. (a) Schematic configuration of the device and the mechanism
behind the optically and electrically tunable channel conductance. (b) Long-term optical potentiation and electrical depression in the WS2/
PZT optoelectronic synapses. Each current state was taken after 30 s waiting time allowing for the sufficient relaxation following applied
light and electrical pulses. Time dependent multilevel conductance states demonstrating memory retention properties of the device during
optical LTP (c) and electrical LTD (d) process, respectively.
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where τ is the characteristic relaxation time and β is the stretch
index ranging between 0 and 1. On termination of a single light
pulse excitation, the device memory retention in STP mode
(Figure 4a) rapidly decreased with time and remained as only
0.05% after 10 s, with relaxation time τ = 2.26 s. In contrast,
within the same period after light illumination, the device kept
a relatively high memory retention (∼58%) in LTP mode
despite a fast initial-stage decline (Figure 4b), with a
significantly improved relaxation time τ = 89.92 s. Here, the
volatile light response of the STP can be attributed to the PPC
effect in WS2: the low-intensity light used in Figure 4a was not
sufficient to induce a permanent or large amount PZT domain
change, which would have given a corresponding nonvolatile
conductance modulation in WS2 (Figure 4b), but was strong
enough to cause a photoconductivity enhancement of the WS2
which experienced a fast decay after the input light was
removed (STP).

We further studied the light intensity dependent memory
retention properties of WS2/PZT optoelectronic synapses; the
results are summarized in Figure 4c,d. With increasing light
intensity, a STP to LTP transition can be clearly observed
through the enhanced memory retention (Figure 4c). The light
intensity dependent characteristic relaxation time obtained
from fitting using eq 2 is plotted in Figure 4d. A nearly 45-fold
increase in relaxation time is observed by increasing the light
intensity from 0.19 to 28 μW. This obvious improvement of
relaxation time with increasing light intensity agrees well with
the STP-LTP transition, demonstrating the resemblance
between memory retention of the presented memristive
transistors and that of biological memory systems, i.e., fast
decay in short-term plasticity and slower change in long-term
plasticity. Overall, the demonstrated coexistence of such
volatile and nonvolatile conductance switching unlocks the
possibility of emulating the light-induced short-term and long-
term synaptic behaviors using the optoelectronic memristive

Figure 4. Optical visual memory emulation characteristics. Optical input triggered STP (a) and LTP (b) behaviors by intensity varied light
illumination. Evolution of memory retention behaviors (c) and corresponding relaxation time (d) with varying intensities of input light. Line
for eye guidance only in (d). (e) Schematic drawing of a psychological human brain memory model, i.e., the multistore model. STM and
LTM performance mimicked by the optoelectronic synapse and the transition between STM and LTM by controlling the number (f) and
frequency (g) of applied 532 nm light pulses (100 ms duration, P = 0.19 μW).
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transistor, essential for mimicking brain-like learning and
memory rules.
Leveraging on the combined short-term and long-term

plasticity functionalities in our memristive devices, emulation
of the biological visual memory functions following a well-
known psychological model of human memory, “the multistore
model”, was performed.11 The “multistore model” is shown in
Figure 4e and can be briefly summarized as newly received
information in the sensory register is selectively transferred to
the short-term store, in which the information (STM)
undergoes a “forgetting” process and can generally be retained
only for a short time; With rehearsal, the STM can then be
transformed to a LTM in the long term store which can be
maintained for a significantly longer time despite the presence
of natural “forgetting”.11,49 The optically controlled STP, LTP,
and their transition as demonstrated in our memristive devices
are in congruence with this psychological memory model.
Below we show the emulation of loss and strengthening effects
of the visual memory as well as their transition behaviors using
our optoelectronic memristive transistors. For the STM-LTM
emulation, similar to reported electronic neuromorphic devices
wherein subthreshold external stimuli are often adopted,48,50,51

we used relatively low intensity light pulse (532 nm, 100 ms
duration, P = 0.19 μW) as the optical stimulus. A single
excitation using the subthreshold/low-intensity stimulus
normally is not sufficient to cause a permanent change of the
device memory state, but repetition of the applied stimuli (as
in rehearsal of the “multistore model”) can gradually trigger a
longer-lasting memory state change (LTM). In the WS2/PZT
optoelectronic memristive transistor, we show that the
memory loss and strengthening effect can be tuned by applied
light pulse number and frequency, manifesting the emulated
STM-LTM transition by “rehearsal”. Here, as in previous
analysis of light-induced STP, the memory loss is due to
volatile potentiation by the PPC effect of WS2, while the long-
term remnant enhancement of memory can be attributed to
the light accumulation induced stable ferroelectric domain
reconfiguration in PZT. As shown in Figure 4f,g, with
increasing the number and frequency of the light pulses, a
gradual low to high PSC amplitude change and enhancement
of memory retention in the WS2/PZT memristive transistor
can be observed. In Figure 4f, by increasing the number (n) of
identical 100 ms-long light pulses from 1 to 10 under the same
frequency (5 Hz), the device shows an enhanced memory
retention with ∼14-fold increase of characteristic relaxation
time. An alternative approach to emulating the STM-LTM
behavior can be achieved by changing the frequency of the
applied light pulses, i.e., the interval between two successive
pulses. With increasing the frequency ( f) of applied 10 pulses
of 100 ms long light from 0.1 to 5 Hz, the device exhibits a
transition from fast-decay and low-amplitude current change to
slow-relaxation conductance enhancement as shown in Figure
4g. The observed great improvement of relaxation time with
repetition of applied light pulses (rehearsal) thus suggests that
the presented WS2/PZT memristive transistor can efficiently
emulate STM, LTM, and their transition as in the human
memory system. Overall, optical short-term and long-term
plasticity triggered by increasing light intensity, pulse numbers
and frequency are emulated using the WS2/PZT optoelec-
tronic memristive transistor, suggesting that the presented
artificial synapse has attained the ability to mimic complex
optical information triggered biological learning functionalities.

CONCLUSIONS
In summary, we have fabricated WS2/PZT optoelectronic
memristive transistors that can simultaneously respond to
optical and electrical stimuli to emulate biological optical
sensing and synaptic functions at the same time. In particular,
the memristive devices exhibit both volatile and nonvolatile
light-induced conductance switching that correlate to optically
controllable short-term and long-term plasticity dynamics.
These working patterns, as required for an optoelectronic
synapse, can be selected by varying the intensity, wavelength,
duration, and number of input light pulses. Moreover, the
optically controllable PSC change in our devices could enable
the implementation of a psychology human memory model
beyond the pure emulation of biological synaptic behaviors.
This research presents a promising platform for accommodat-
ing both biometric optical sensing and synaptic functionalities
in a simple structure, could contribute to the hardware
implementation of future optoelectronic synaptic neural
networks.

EXPERIMENTAL SECTION
Device Fabrication. PZT/SRO/STO thin films were prepared by

depositing ∼100 nm PZT and ∼5 nm SRO epitaxial thin films on
(001)-oriented STO substrates using pulsed laser deposition (PLD).
The SRO layer was first grown at 680 °C with the oxygen partial
pressure at 0.15 mbar followed by the PZT layer deposition at 600 °C
and 0.2 mbar of oxygen partial pressure. During the film growth, a
KrF excimer laser at power density of 0.83 J cm−2 and repetition rate
of 7 Hz was used. WS2 flakes were obtained by exfoliation from the
single crystals using the Scotch tape method and transferred onto the
PZT films. Field-effect transistors on selected WS2 flakes were
fabricated with Al2O3 buffer layers and Au electrodes using standard
photolithography process (AZ5214 photoresist), e-beam evaporation,
and lift-off. A detailed description of WS2 transfer and field-effect
transistor fabrication is schematically presented in the Supporting
Information; see Figure S2.

Characterization of the Devices. Structural information on
PZT/SRO films was collected by high-resolution X-ray diffraction
(HR-XRD) using a Panalytical X’pert Pro diffractometer. Raman
spectra from WS2 flakes were obtained using a Renishaw inVia Reflex
Raman Microscope with 532 nm excitation. AFM and PFM images
were acquired through the XE-100 park AFM system using the NSC
14/Pt (Mikromasch) cantilever. A detailed configuration of the light-
assisted PFM measurement can be found in the Supporting
Information, Figure S7. Ferroelectric hysteresis loops of the devices
were recorded using an aixACCT TF3000 ferroelectric workstation.
Conductance states of WS2/PZT field-effect transistors were
measured using a Keithley 2635 electrometer, while a Tektronix
AFG 3102 function generator was used to apply voltage pulses. All of
the laser diodes were purchased from Thorlabs, and their illumination
intensity was checked using a calibrated Newport 818-UV-L silicon
photodiode. Applied light pulses were generated using a HP 8116A
function generator. WS2/PZT field-effect transistors were placed in a
vacuum probe station at pressure of ∼1 × 10−6 mbar during electrical
characterizations; see Figure S8 (Supporting Information).
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