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Optically Stimulated Artificial Synapse Based on Layered
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The translation of biological synapses onto a hardware platform is an important step toward the realization of brain-inspired electronics. However, to
mimic biological synapses, devices till‑date continue to rely on the need for
simultaneously altering the polarity of an applied electric field or the output
of these devices is photonic instead of an electrical synapse. As the next big
step toward practical realization of optogenetics inspired circuits that exhibit
fidelity and flexibility of biological synapses, optically‑stimulated synaptic
devices without a need to apply polarity‑altering electric field are needed.
Utilizing a unique photoresponse in black phosphorus (BP), here reported is
an all‑optical pathway to emulate excitatory and inhibitory action potentials
by exploiting oxidation‑related defects. These optical synapses are capable of
imitating key neural functions such as psychological learning and forgetting,
spatiotemporally correlated dynamic logic and Hebbian spike‑time dependent
plasticity. These functionalities are also demonstrated on a flexible platform
suitable for wearable electronics. Such low-power consuming devices are
highly attractive for deployment in neuromorphic architectures. The manifestation of cognition and spatiotemporal processing solely through optical
stimuli provides an incredibly simple and powerful platform to emulate
sophisticated neural functionalities such as associative sensory data processing and decision making.
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1. Introduction

Realization of neuromorphic systems is
recognized as a viable technological route
to achieve brain-like computational capabilities in artificial networks. These neuromorphic systems have been efficient in
imitating the biological neural networks
to solve complex tasks such as learning,
multiobject detection, classification, and
recognition.[1–4] In state-of-the-art neuromorphic systems, synaptic plasticity—a
fundamental computational function of
a nervous system to execute cognitive
functions—has been mimicked by several types of artificial synapses based
on transistors[5–7] and memristors.[1,8–10]
Although these ingenious neuromorphic
systems have been developed through
mature technologies, there are limitations to achieve the processing efficiency
of a human brain.[11] For instance, unlike
neuromorphic systems, biological neural
systems exhibit associative learning via
sensory (olfactory, ocular, somatosensory,
etc.) stimuli.[12,13] As such, neuromorphic
sensors imitating biological architecture
of sensory organs result in hardware redundancy, power consumption, and computational latency.[14] Furthermore, artificial neural networks utilize a series of electrical signals and
interconnections to emulate synaptic action potentials which
limit the processing speed due to the bandwidth connectiondensity trade-off.[15] To overcome these limitations, innovative
architectures and exotic functional elements are required to
reach closer to the computational capabilities (such as associative learning and decision making) of the biological neural
systems.
The application of optical stimuli to implement a neuromorphic system renders ultrafast computational speed due to
high bandwidth, low crosstalk, and ultralow power consumption.[15–17] Development of optically and electrically stimulated
synaptic devices based on one-dimensional (1D) and twodimensional (2D) materials such as carbon nanotubes,[18] black
phosphorus,[19] graphene,[20,21] MoS2,[22–25] MoO3,[26] h-BN,[27]
thin films of semiconducting oxides and sulphides,[28–31] and
organic–inorganic hybrids[32] has led to exciting progress in
bio-inspired electronics. However, to effectively mimic the biological synapses by achieving excitatory and inhibitory action
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potentials, these devices continue to rely on the need for simultaneously altering the polarity of the applied electric fields. This
makes the development of a truly biomimetic neuromorphic
system challenging, as under in vivo conditions, the polarity
of the electrical signal (i.e., postsynaptic potential) is rather
consistent.[33] Parallel efforts have revealed the ability of phase
change materials[16] and light sensitive chalcogenide alloys[31] to
mimic synaptic behaviors in an all-optical stimuli set-up; however, the output of these devices is a photonic synapse instead of
an electrical synapse. As the next big step toward practical realization of neuromorphic circuits that exhibit fidelity and flexibility of biological synapses, we show sole optically stimulated
synaptic devices without a need to apply polarity-altering electric field. The main hurdle so far to achieve this capability has
been the lack of materials with inherent photoresponse to optically emulate both excitatory and inhibitory action potentials.
Here we report an artificial optical synapse based on fewlayer black phosphorus (BP) which can imitate inhibitory and
excitatory action potentials directly by optical stimulation,
without the need for an additional alternating-polarity electrical
stimuli. BP has recently emerged as an exciting elemental 2D
material with exotic electronic and optoelectronic properties
that are easily tuneable.[34–37] The broadband photoabsorption
in BP, covering a wide spectral range from ultraviolet (UV)
to infrared,[38–40] and strong light-matter coupling[41] render
it as an ideal 2D material for optical synapses where synaptic
weight can be manipulated by optical spikes of different wavelengths. We exploit oxidation-related defects in BP to achieve
unique photoresponse under different UV wavelengths, i.e.,
positive (increasing) photocurrent at 280 nm illumination and
negative (decreasing) photocurrent for a 365 nm excitation.
Subsequently, we exploit this unique photoresponse of BP to
optically mimic excitatory and inhibitory action potentials. As
such, the inherent repeatable photoconductivity of BP under
UV and visible excitation wavelengths is employed to mimic a
wide variety of synaptic functions, such as transition of shortterm memory to long-term memory, psychological learning
and forgetting, pulsed-pair facilitation, spatiotemporally correlated dynamic logic, and Hebbian and associative learning
for decision making. We show that this light-stimulated neuromimicking capability of our artificial synapse is independent
of the substrate and can be extended on a flexible platform
rendering it suitable for wearable and conformable electronics.
Such a presentation of light triggered BP-based synapse can
lead to the development of novel devices for future photonic
neuromorphic circuits and synthetic sensory organs, such as
artificial retina.

2. Result and Discussion
Optical synaptic devices are fabricated in a simple photo
transistor configuration by mechanically exfoliating few-layer
BP flakes from a bulk single crystal onto the substrates and
patterning metal (Cr/Au) contacts for measuring conductivity
of the devices, as schematically depicted in Figure 1a. The characterization of as-exfoliated BP flakes assessed by transmission electron microscope (TEM) and energy-dispersive X-ray
spectroscopy (EDS) show absorption of oxygen on the surface
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(Note S1, Supporting Information) forming native phosphorus
oxide (POx) layers on the as-exfoliated BP flakes which play an
important role in defining photoresponse in our BP synaptic
devices, as discussed later in the work. To imitate different
synaptic functions, optical pulses of 280, 365, and 660 nm wavelengths are illuminated on the few-layer BP synaptic devices.
Thin BP flakes (with thicknesses ranging in 5–15 nm) are
identified by optical microscope and atomic force microscope
(AFM). Figure 1b shows an optical microscopic photograph
of a representative BP synaptic device fabricated on SiO2/Si
substrate with a flake of ≈9.2 nm thickness, as measured by the
topological AFM scan (Figure 1c,d).
Figure 1e shows a cross-sectional TEM micrograph of a
representative BP synaptic device and existence of ≈3 nm amorphous layers at top Cr/BP and bottom BP/SiO2 interfaces of the
flake. To clearly identify the composition of these amorphous
layers, EDS line-scan and electron energy loss spectroscopic
(EELS) area maps of a region-of-interest (ROI) are acquired.
The elemental signals (Cr, O, and P) collected along the EDS
line-scan (Figure 1f) across the BP synaptic device show high
Cr and P intensities in Cr and crystalline BP layers, respectively.
There is negligible O intensity in the BP layer while the interfacial regions (marked by dashed lines in Figure 1f) show signals
of O and P, indicating that interfacial regions are phosphorus
oxide. Presence of O in Cr layer indicates partial oxidation of Cr
to chromium oxide during sample fabrication. The EELS O–K
edge and P–L edge area maps (Figure 1g) of the ROI (marked
in Figure 1e) also show relativley higher oxygen content at the
interfacial regions, further confirming presence of phosphorus
oxide at top and bottom interfaces of the BP synaptic device.
Stimulation of neuronal activities by different optical methods
is well known in neuroscience.[42–44] Excitatory and inhibitory
photoresponse of few-layer BP synaptic devices under different
excitation wavelengths is analogous to the neuronal activities
triggered by light in different biological neurons. As such BP
provides a platform to optically mimic synaptic functions of
light-sensitive neurons, such as those of retinal ganglion cells
(RGCs). Human brain receives sensory information through
the perceptual organs for cognitive processes. Visual feed
obtained from the RGCs is transferred to the frontal, temporal,
and occipital lobes of the brain where visual input is processed
and stored,[45–47] as schematically depicted in Figure 2a. In a
biological neuronal system, neurons communicate through
electrical and chemical synapses and transfer information in
the form of electrical signals which are in the range of few tens
of millivolts.[48] To imitate synaptic functions of typical RGCs
(which receive optical excitatory and inhibitory synaptic inputs
and transfer them to the brain), we use optical stimuli with
different wavelengths as synaptic spikes in our two-terminal
BP synaptic devices (as schematically illustrated in Figure 1a).
A small bias (50 mV which is on the scale of neuronal signals)
is applied across the terminals to measure change in conductance of the BP channel (representing synaptic weight) under
photonic excitations. Interestingly, BP inherently exhibits
a strong persistent photocurrent (PPC) under UV excitations.[40,49,50] Figure 2b shows a typical transient photoresponse
of the few-layer BP under UV (280 nm) exposure (3 mW cm−2).
The current increases upon UV exposure which can be attributed to the electron–hole pair generation after UV absorption
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Figure 1. BP synaptic devices. a) A schematic illustration of BP synaptic devices fabricated on a SiO2/Si substrate. Monochromatic optical pulses
with 280, 365, and 660 nm wavelengths are used as synaptic stimuli to emulate different neuronal functions. b) An optical microscope photograph
of a representative BP synaptic device. c) Atomic force microscope (AFM) micrograph of the BP flake selected for BP synaptic device shown in (b).
d) Thickness profile of the BP flake in (c) measured along dashed line highlighted in (c). e) Cross-sectional transmission electron microscope (TEM)
micrograph of a representative BP synaptic device. f) Elemental energy-dispersive X-ray spectroscopy (EDS) profiles for Cr, O, and P along a line-scan
across the BP synaptic device. g) Electron energy loss spectroscopy (EELS) area maps generated for the region of interest highlighted in (e) by taking
O–K edge and P–L edge intensities of the collected spectra (at each pixel) after pre-edge background subtraction.

and subsequent band-to-band excitations. This positive photocurrent imitates the excitatory postsynaptic action potential.
A slow decay (>21 s) of the photocurrent after 280 nm exposure
is attributed to the PPC behavior of BP (Note S2, Supporting
Information) which is essential for the imitation of lightinduced synaptic plasticity and memory-like behaviors.
Figure 2c schematically illustrates the psychological memory
and forgetting model of a human brain, originally proposed
by Atkinson and Shiffrin.[51] According to this model, all of
the information (including frequent and intermittent events)
received by the perceptual organs is registered in the sensory
memory. The information received with attention is converted
to the short-term memory (STM) and is stored for a short
time (from few seconds to few minutes). If frequent maintenance rehearsals are provided, it leads to learning where STM
is transferred to the long-term memory (LTM) which can last
from minutes to years. It should be noted that for the learning
process, rehearsal stimulations should be repeated after short
time intervals (on the scale of a few seconds). Longer time
intervals result in STM or even memory loss, i.e., forgetting.
This suggests that synaptic plasticity of neurons is associated
with the history of rehearsal-stimulation frequency. As such, the
phenomena of synaptic plasticity and transformation of sensory
information to STM and then LTM can be mimicked in our fewlayer BP synaptic devices via short optical spikes with different

Small 2019, 15, 1900966

time intervals—denoting frequency of rehearsal stimulations.
At the exposure of a short optical pulse, postsynaptic current
(PSC) of the BP synaptic device rapidly changes and (in dark)
slowly decays back to its original level which is analogous of a
biological synaptic potential. Depending on the rehearsal stimulation frequency in a given period of time, the magnitude and
relaxation time of PSC vary, which is interpreted as memory in
our BP synaptic devices. As shown in Figure 2d, a short optical
pulse (of 280 nm wavelength, pulse width of 100 ms, and power
intensity of 3 mW cm−2) acting as a stimulation event produces an excitatory PSC with change in conductance (synaptic
weight) of ≈6.4% and relaxation time of <20 s, mimicking
sensory memory. As the stimulation frequency increases, the
synaptic weight change and decay time increase. Such as,
Figure 2e shows that consecutive short optical excitatory spikes
at low rehearsal stimulation frequency (of 0.2 Hz, pulse width
of 100 ms, and power intensity of 3 mW cm−2) over a stimulation period of 15 s induce STM behavior where PSC changes
to ≈14.3% and recovers back to its initial (prespike current)
level in ≈45 s. On the other hand, optical spikes with the same
intensity and pulse width but with higher rehearsal stimulation
frequency (of 1 Hz) over the same period of stimulation induce
LTM behavior where the PSC changes to 31.5% and takes a
comparatively longer time (≈75 s) to recover after the rehearsal
stimulations are stopped (Figure 2f).
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Figure 2. BP-based synaptic devices and optically imitation of psychological functions. a) Schematic illustration of human visual system and transfer
of received information from eyes to different parts of the brain. b) Typical transient photoresponse of the BP synaptic devices under 280 nm excitation
wavelength at intensity of 3 mW cm−2. c) A memory model illustrating short-term and long-term memory phenomena. Optical imitation of d) sensory
memory, e) short-term memory—STM and f) long-term memory— LTM by excitation pulses of 280 nm wavelength with 100 ms pulse width, power
intensity of 3 mW cm−2 and rate of 0.2 Hz (STM) and 1 Hz (LTM). Insets of d–f): schematic of excitation pulses with respective pulse-parameters.

In a biological postsynaptic neuron, summation of synaptic
potentials results in either excitatory postsynaptic current (EPSC)
or inhibitory postsynaptic current (IPSC) which determines
increase or decrease in the synaptic weight, respectively.[52]
Unlike the recently reported photonic synapses,[21,24] where one
of the two synaptic potentials is imitated by electrical signals,
we utilize distinct wavelengths of the UV spectra to induce both
EPSC and IPSC in our few-layer BP synaptic devices. The excitation of few-layer BP with a 280 nm optical stimulus induces
positive photocurrent (mimicking EPSC) whereas 365 nm
induces negative photocurrent (mimicking IPSC), as discussed
in Note S3 in the Supporting Information. Typically negative
photoconductivity in 2D systems can be associated with the bolometric effect.[53–57] However, the unusual negative photocurrent
observed under longwave UV (365 nm) excitation, in the case
of BP is intrinsically material-related and is associated with the
surface adsorbates.[53,58] It is well known that BP in ambient
conditions readily adsorbs oxygen and forms phosphorus oxide
species across the crystal surface which can act as charge trap
sites.[58–63] These extrinsic trap sites act as scattering centers
under light illumination and reduce the conductance of the
device and, hence, are the origin of negative photocurrent. On the
other hand, a higher energy optical stimulus such as shortwave
UV (280 nm) results in a far higher number of photo-generated
carriers, which dominate over the influence of trap sites and
the overall photo-current increases. To investigate the influence of surface adsorbents on photoresponse of few-layer BP,
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we conducted thermal treatment of BP synaptic devices under
an inert (Ar) environment (Note S4, Supporting Information).
It is observed that annealing of BP in Ar significantly reduces
these adsorbents and devices exhibit positive photoresponse
under 365 nm excitation (Note S4, Supporting Information).
The evolution of oxidative species on BP (subjected to ambient
and thermal treatment in Ar) is thoroughly characterized by a
combination of in situ Raman spectroscopy, X-ray photoelectron
spectroscopy, and energy-dispersive X-ray spectroscopy (Note S4,
Supporting Information). Furthermore, theoretical calculations
also indicate that the 365 nm closely matches the oxidation
potential of BP.[58] As a result, it is expected that exposure to
365 nm will also result in the formation of oxidative species
on the surface more readily than any other wavelength. From a
practical device perspective, there are simple ways to minimize
any further physical damage (i.e., degradation) by sequestering
these species using an ionic liquid treatment approach as demonstrated in our previous studies.[59,64]
In neurophysiology, it is well established that stimuli duration affects the modulation of synaptic response.[65] In this
context, temporal response of both EPSC and IPSC induced in
our optical synapse can be exploited to imitate spike-durationdependent-plasticity (SDDP). The SDDP is an important feature
that enables psychological processes such as learning and forgetting. The spike-duration (t) dependent EPSC (Figure 3a) and
IPSC (Figure 3b) show that excitatory and inhibitory responses
increase with increasing spike duration. This increasing
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Figure 3. Optical stimulation of synaptic functions in BP synaptic devices. Transient PSC of BP synaptic devices in response to optical spike-duration
(t) of a) 280 nm optical stimulus-emulating EPSC and b) 365 nm optical stimulus-emulating IPSC. Insets of (a) and (b) show spike duration–dependent
change in EPSC and IPSC, respectively. c) Normalized EPSC and d) normalized IPSC as a function of number of presynaptic optical spikes with pulse
width of 200 ms, power density of 3 mW cm−2, and rate of 2.5 Hz. The change in e) EPSC and f) IPSC in response to the pair of presynaptic optical
pulses with time interval (Δt) of 400 ms and pulse width of 200 ms. A1 and A2 represent the change in PSC at first and second spike, respectively.
Pair pulse facilitation (PPF) index as a function of time interval between pairs of g) excitatory and h) inhibitory pulses. Error bars represent standard
deviation in measurements for at least 5 different BP synaptic devices.

change in PSCs (i.e., ΔEPSC and ΔIPSC shown in the insets of
Figure 3a,b, respectively) can be attributed to time-dependent
generation of photo-carriers in BP. Shorter (longer) optical
pulses provide less (high) cumulative excitation energy which
results in the generation of lesser (higher) photo-generated
charge carriers and low (high) photocurrent amplitudes.
As previously mentioned, frequently administered excitatory
rehearsal stimulations cause the consolidation of memory and
achieve psychological learning experience. On the other hand,
consecutive inhibitory synaptic potentials lead to the weakening
of the synaptic connections and consequently cause loss in
memory (i.e., psychological forgetting). In our BP photonic synapse, such temporal behaviors of memory retention are realized
by repeated exposure of BP channel to optical pulses of 280
and 365 nm wavelengths with fixed intensity, width, and rate
(3 mW cm−2, 200 ms, and 2.5 Hz respectively). Figure 3c shows
an increase in normalized EPSC as a function of the number of
excitatory presynaptic optical spikes (280 nm) which is analogous to the learning process in a human brain. The learning
behavior in our artificial photonic synapse follows a simple
growth exponential function

y = y 0 + A ⋅ exp (N /τ 1 ) (1)
Small 2019, 15, 1900966

where N is the number of presynaptic spikes, A is initial facilitation magnitude in learning process, y0 is resting facilitation
magnitude, and τ1 is learning time in our photonic synapse.
The learning curve (Figure 3c) shows that fast learning happens
at the initial stage of rehearsal stimulations and then gradually
saturates with increasing number of rehearsals. This suggests
that after the first few rehearsals, lesser number of stimulations
is required to retain the memory. Figure 3d shows decay in
the normalized IPSC under inhibitory optical spikes (365 nm)
and can be correlated to the Ebbinghaus’ forgetting curve.[66]
The decay phenomenon of IPSC is fitted with an exponential
function[67,68]
y = y 0 + A ⋅ exp ( −N /τ 2 ) (2)
where τ2 is the forgetting rate. The imitation of brain-like
learning and forgetting processes in our BP synaptic devices
by optical stimulation renders the capability of such optical
synapses for artificial intelligence.
Now we explore the dynamic synaptic plasticity in our fewlayer BP photonic synapses. When two presynaptic spikes
separated by a period of time occur consecutively, the change
in postsynaptic weight is larger for the second spike. This
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phenomenon is known as pair-pulse-facilitation (PPF).[69] However, the magnitude of second change in postsynaptic weight is
determined by the time interval between two consecutive spikes
wherein a smaller time interval induces larger weight change.
The EPSC and IPSC induced by two successive excitatory and
inhibitory optical pulses (with similar pulse width of 200 ms,
time interval of 400 ms, and power intensity of 3 mW cm−2)
are shown in Figure 3e,f, respectively. Herein, change in both
EPSC and IPSC is higher for the second optical pulse, imitating
PPF phenomenon in our few-layer BP photonic synapse.[69]
To quantify EPSC- and IPSC-induced PPF, the PPF index—
ratio between the amplitude of second PSC (A2) and first PSC
(A1)—is extracted and plotted as a function of time interval
(Δt) between consecutive pulses in Figure 3g,h, respectively.
The experimental PPF indexes extracted for our BP photonic synapses follow a bi-phase behavior fitted by the double
exponential function given in Equation (3)
y = y 0 + A1 ⋅ exp ( −Δt /τ 1 ) + A2 ⋅ exp ( −Δt /τ 2 ) (3)
where Δt is time interval between two consecutive optical
pulses, A1 and A2 are facilitation magnitudes, and τ1 and τ2 are
fast and slow decay times of the exponential function, respectively. In a biological synapse, PPF is caused by the residual
Ca2+ ion concentration left by first spike in the presynaptic
neuron which increases total Ca2+ ion level after the second
spike. The residual Ca2+ ions exhibit exponential decay after the
first spike which warrants lesser change in the PSC when time
interval between the two spikes increases.[69] Analogous to Ca2+
residue in biological synapses, PPF in our photonic synapse can
be associated with the recombination of photo-generated carriers (i.e., relaxation time). At the end of the first optical pulse,
electron–hole pairs start to recombine. If second optical pulse is
exposed after a short time interval, the photo-generated electrons
will not have enough time to recombine completely and charge
carriers generated by the second pulse are augmented which
consequently induces PPF in the few-layer BP. However, if the
second optical spike occurs with time interval larger than relaxation time, then photocurrent has similar magnitude to the first
optical spike. This suggests that paired pulses with short time
interval induce higher PPF index while it saturates at 100% for
paired pulses with time interval equal or higher than relaxation
time. Figure 3g,h shows that PPF indexes saturate for Δt > 70 s
(for 280 nm illumination presynaptic pulses with 200 ms pulsewidth and 3 mW cm−2 power density) and Δt > 4 s (for 365 nm
illumination pulses with 200 ms pulse-width and 3 mW cm−2
power density), respectively.
The PPF phenomenon can be further extended to explore
synaptic information processing such as temporal-frequency
filtering.[70,71] The short-term synaptic depression represents
low-pass temporal filtering while short-term facilitation can
interpret high-pass temporal frequency filtering.[70] As described
above, presynaptic spikes with short time interval (i.e., high-frequency stimulation) encourage postsynaptic facilitation which
can realize high-pass temporal filtering. On the other hand,
presynaptic spikes with longer time interval (i.e., low-frequency
stimulation) induce postsynaptic depression which can realize
low-pass temporal filtering. The PSC gain—ratio between A10
and A1—for a train of consecutive optical pulses increases with
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increasing frequency indicates a high-pass temporal filtering
functionality in our BP photonic synapses and control of such
dynamic functionality with the stimulation frequency (Note 5,
Supporting Information).
In a multisynaptic system, formation of new synaptic
connections and strength of active synapses depend on the
number and timing of spikes that two (pre- and post-)synaptic
neurons trigger together. As such, spatiotemporally correlated
inputs from multiple presynaptic neurons integrate (temporally or spatially) to trigger dynamic logic in the postsynaptic
neuron.[72,73] In order to emulate spatiotemporal dynamic
function in our optical synaptic devices employing pristine-like
BP (exfoliated and preserved in an Ar environment to avoid
surface oxidation), we utilize 660 and 280 nm wavelengths as
presynapse1 and presynapse2, respectively. Due to enhanced
charge separation efficiency of a hybrid electrical/optical
approach[21,23,28] (where electrical pulses are also applied on
the gate terminal), we expect better synergy in imitating synaptic functions. However, an all-optical approach where dual
(or multiple) optical pulses imitate synaptic functions offers
the advantages of simpler operation and device architecture.
Furthermore, owing to the strong light–matter interaction in
BP, our synaptic devices induce high enough photoresponse
(change in conductance) to imitate synaptic functions without
the application of voltage pulses on the gate electrode. As
shown in Figure 4b, the positive photoresponse of pristine-like
BP synaptic devices, under 660 nm excitation, can be associated with the significantly less number of defect states,[60] as
discussed in Note S6 in the Supporting Information. Furthermore, previous studies have also shown a positive photocurrent under 633 and 640 nm excitations.[39,74,75] Figure 4b shows
that an optical pulse of 660 nm (with pulse width of 200 ms
and power intensity of 10 mW cm−2) as presynapse1 induces
a smaller change in PSC (ΔPSC1 =≈2.2%) as compared to
280 nm (ΔPSC2 =≈13.4% with pulse width of 200 ms and
power intensity of 3 mW cm−2) as presynapse2. A relatively
lower magnitude of photoresponse in few-layer BP at 660 nm
excitation compared to UV excitation can be associated with
the smaller photon energy and low absorbance of wavelengths
larger than 500 nm.[39,60,76]
When presynapse1 and presynapse2 are triggered
sequentially with time interval (ranging from 0 to 50 s), the
photo-carriers generated by first optical spike are added to
the photo-carriers generated by second optical spike which
increases amplitude of the final PSC. However, this spatiotemporal summation, i.e., the change in PSC (ΔPSC measured at
the trailing edge of the second optical spike) is dependent on
the interspikes time interval (Δtpre2–pre1), as shown in Figure 4c.
When Δtpre2–pre1 = 0, i.e., presynapse1 and presynapse2 are
triggered simultaneously, the ΔPSC is maximum (26.2%)
which is higher than individual ΔPSC1 (≈2.2%) and ΔPSC2
(≈13.4%). Furthermore, with increasing |Δtpre2-pre1| the ΔPSC
decreases asymmetrically (Figure 4c). This asymmetric characteristic of ΔPSC as a function of |Δtpre2-pre1| can be associated
with difference in change in PSC induced by presynapse1 and
presynapse2 (as shown in Figure 4b). This implies that the spatiotemporal PSC summation in our few-layer BP-based multisynaptic network exhibits super-linear amplification which is
analogous to the hippocampal neurons.[77]
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Figure 4. Optically stimulated synaptic learning in few-layer BP multineural network. a) Schematic illustration of multineural system employing
660 and 280 nm excitation wavelengths as presynapse1 (pre1) and presynapse2 (pre2), respectively. b) Transient PSC triggered by single or a pair of
spatiotemporally correlated presynaptic optical pulses. c) Change in PSC as a function of time interval between optical stimulations at presynapse1
and presyapse2. d) Imitation of classical Pavlov’s learning by using optical pulses of 660 nm wavelength (pulse width of 200 ms, pulse interval of
100 ms, and power intensity of 10 mW cm−2) as unconditioned stimuli and optical pulses of 280 nm (pulse width of 200 ms, pulse interval of 100 ms,
and power intensity of 3 mW cm−2) as conditioned stimuli. Red dash-line represents threshold for salivation and is set at 3.12 µA in our experiments.
e) A schematic illustration of two BP synaptic devices configured to optically imitate spike-time-dependent-plasticity (STDP) by using optical pulses of
280 nm. f) Change in synaptic weight (ΔPSC) as a function of time difference between post- and presynaptic pulses (Δtpost–pre).

Utilizing the broad band absorption of few-layer BP, we optically emulate classical conditioning according to the Pavlov’s
dog conditioning rule[78] as an example of associative learning
in our pristine-like BP synaptic devices. Recently, John et al.[23]
implemented the classical conditioning in a 2D MoS2–based
transistor by coupled optical pulses as unconditioned stimuli
and voltage pulses at back-gate as conditioned stimuli. Here in
our work, we use solely optical pulses of 280 and 660 nm wavelengths as unconditioned and conditioned stimuli, respectively.
The illumination of 10 consecutive pulses of 660 nm (with pulse
width of 200 ms, pulse interval of 100 ms, and power intensity
of 10 mW cm−2) simulate the bell-ringing/conditioned stimulus
while illumination of 10 consecutive pulses of 280 nm (with
pulse width of 200 ms, pulse interval of 100 ms, and power
intensity of 3 mW cm−2) mimic the food-sight/unconditioned

Small 2019, 15, 1900966

stimulus activating unconditioned response of salivation in
the postsynapse. As depicted in Figure 4d, application of only
bell-ringing/conditioned stimulus results in a slight increase
(≈3.4%) in PSC which is less than threshold for salivation set
at 3.12 µA in our experiments, while the food-sight/unconditioned stimulus induces relatively higher change (≈11%) in
PSC than bell-ringing/conditional stimulus (i.e., >3.12 µA, corresponding to salivation response). During the training phase,
both bell-ringing/conditioned and food-sight/unconditioned
stimuli are applied simultaneously to induce larger change in
PSC. After the training stage, only bell-ringing/conditioned
stimulus results in a higher amplitude of PSC than salivation
threshold (>3.12 µA) which imitates salivation response from
the Pavlov’s dog on bell-ringing. It should be noted that bellringing/conditioned stimulus must be applied within 70 s of
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training stimuli to induce salivation response. The increase
of PSC by conditioned stimulus (660 nm) above salivation
threshold can be associated with the augmentation of photocarriers after the training pulses.
It is well known that in vivo neurons exhibit Hebbian synaptic
learning through spike-time-dependent-plasticity (STDP),[79]
which can be emulated by controlling the timing between presynaptic action potentials and postsynaptic action potentials. In
STDP, the synaptic weight determined by timing difference and
stimulation order of pre- and postsynaptic spikes defines asymmetric STDP. While, the synaptic weight determined only by
timing difference defines symmetric STDP. Tian et al.[19] electrically emulated asymmetric STDP by using voltage pulses with
opposite polarities on the gate terminal of a BP synaptic device.
In our few-layer BP synaptic devices, not only asymmetric STDP
is electrically imitated by using voltage pulses on the back-gate
terminal (see Figure S7, Note S7, Supporting Information), but
asymmetric STDP is also optically emulated by illuminating
280 and 365 nm pulses to induce potentiation and depression,
respectively (Note S7, Figure S8, Supporting Information). To
optically emulate symmetric STDP, two separate BP synaptic
devices are fabricated on the same sample and configured as
shown in Figure 4e. In this configuration—sharing a common
electrode—one device is referred as presynaptic neuron and the
other as postsynaptic neuron. Additionally, the time difference
(Δtpost–pre) is controlled by varying the stimulation time interval
between two optical pulses (with wavelength of 280 nm, pulse

width of 200 ms, and power intensity of 3 mW cm−2). The synaptic weight change (ΔPSC) as a function of Δtpost–pre is defined
as ΔPSC = ΔPSCpost − ΔPSCpre/ΔPSCpre, plotted in Figure 4f.
The time varying optical stimulation of pre- and postsynaptic
neurons induces a symmetric synaptic weight change regardless
of the temporal order of pre- and postsynaptic spikes. Similar
to the mechanism explained for Figure 4c, ΔPSC is maximum
for minimum |Δtpost-pre| and symmetrically decreases with
increasing |Δtpost-pre|. Although for a large-scale neural network
and neuromorphic computation, several BP synaptic devices
in a configuration compatible with peripheral CMOS circuitry
such as an array of synaptic devices are essential. As such, a
simple demonstration of two BP synaptic devices optically imitating a fundamental Hebbian learning (i.e., STDP) highlights
the potential adoptability of these devices for future photonic
neuromorphic systems.
Furthermore, we explore the optical imitation of synaptic
functionality in few-layer BP synaptic devices on a flexible polyethylene naphthalate (PEN) substrate. Flexible synaptic devices
are fabricated in similar configuration as for rigid devices
(shown above in Figure 1), i.e., two-terminal Au/Cr electrodes
are patterned on few-layer BP flakes (<10 nm), as shown in an
optical microscope photographs in Figure 5a,b. To evaluate the
functionality of these flexible few-layer BP synaptic devices subjected to mechanical strain, dynamic synaptic plasticity is optically imitated and quantified as PPF indexes. Figure 5c,d shows
PPF imitated for both EPSC (by using 280 nm wavelength

Figure 5. Flexible few-layer BP synaptic devices. a) Photograph of flexible few-layer BP synaptic devices on a polyethylene naphthalate (PEN) substrate,
showing flexibility of the substrate. b) Optical microscope photograph of a representative two-terminal synaptic device on PEN. Imitation of PPF in
flexible BP synaptic devices at flat and flexure (with diameter of 7 mm) by using optical pulses of c) 280 nm and d) 365 nm wavelength. PPF indexes
of flexible BP synaptic devices before and after subjected to 1000 bending cycles by using optical pulses of c) 280 nm and d) 365 nm wavelength.
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pulses) and IPSC (by using 365 nm wavelength pulses), respectively, at a flexure with diameter of 7 mm. The comparison of
PPF extracted for devices subject to flexure show no significant
deviation from normal/flat state. Furthermore, our flexible
few-layer BP synaptic devices exhibit similar PPF characteristics after being subjected to 1000 bending cycles (Figure 5e,f).
Other synaptic functions are also optically imitated in our flexible few-layer synaptic devices (not shown for brevity). These
results demonstrate that our flexible BP devices demonstrate a
robust performance by imitating synaptic functions without any
significant deterioration after subjected to different mechanical
strain settings. As such, the optical imitation of synaptic functions on a flexible substrate highlights the adoptability of our
BP synaptic devices for wearable and conformable electronics.
The potential application of an artificial synapse in neuromorphic circuits places restriction on its energy consumption.
Though several remarkable devices and materials emulating
synaptic functions (electrically or optically) have been reported
recently (listed in Table 1), still energy consumption is orders of
magnitude higher than biological synapses (≈10 fJ per activity).
The electrical and optical energy consumed (Eele and Eopt,
respectivley) by our opto-elctronic few-layer BP synapses can be
calculated by considering magnitude of response photocurrent
(I) to the time/duration of optical spike (t) with illumination
power (P) at voltage (V) and active area (D) of the device, i.e.,
Eele = I × t × V[20,80] and Eopt = P × t × D.[81] An optical stimulus
of 280 nm wavelength with minimum illumination power of
0.4 mW cm−2 and duration of 100 ms induces >0.4% conductance change (high enough to emulate all synaptic functions)
measured at applied voltage of 10 mV across the BP synaptic
devices with an average active area of 9.2 ± 1.1 µm2 as such,
consuming Eele of ≈9.24 × 102 pJ (with response photo-current
of 0.924 µA) and Eopt of ≈3.5 pJ per synaptic activity which is
higher than biological synapses. However, we project that the
energy consumption of our few-layer BP synapses can be < 8 fJ
if active area of synaptic devices is scaled down to the smallest
beam size of the illumination wavelength (280 nm), i.e., half
of the wavelength of incident illumination (covering an active
area of ≈1.96 × 10−2 µm2; Note S8, Figure S9, Supporting Information). The potential low energy consumption of our fewlayer BP synapses highlights that these synaptic devices can be
scaled up to build an artificial neural systems with capacity of
human brain (consumes ≈20 W[23]) while constraining power
consumption under the acceptable power budget (i.e., ≤20 W).
Furthermore, the current device architecture of our
proof-of-concept BP synapses (i.e., in-plane phototransistor
configuration) is prone to unintentional optical exposures
during multi-wavelength synaptic operations and may lead to
interpretation of inaccurate synaptic weight changes. For application of large-scale synaptic systems, optical crosstalk can be
effectively mitigated by adopting photonic integrated-circuit
approach where BP can be integrated in optical waveguides.
For example, Cheng et al.[16] integrated a phase change material (Ge2Sb2Te5) with silicon nitride waveguides in photonic
synaptic devices. Also, Youngblood et al.[82] integrated BP in
photonic waveguide to improve responsivity and reduce dark
current in BP photodetectors. However, other engineering challenges including integration of optical systems with associated
CMOS electronics would require viable solutions.
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3. Conclusion
In summary, we have presented a novel light-stimulated optical
synaptic device based on few-layer BP whose synaptic weight
can be modified by optical stimuli without relying on electrical
input signals. The positive photoresponse of few-layer BP under
280 and 660 nm illuminations and negative photoresponse
under 365 nm illumination are utilized to mimic excitatory and
inhibitory postsynaptic action potentials. The unprecedented
optical tunability of synaptic plasticity demonstrates capability
of our artificial synapses to imitate a variety of cognitive functions including learning and dynamic information processing.
This demonstration of a scalable optical synaptic device based
on a low dimensional material, compatible with conventional
silicon and exotic flexible electronics, represents an effective
approach to realize next generation optogenetics inspired neuromorphic sensing and adaptive parallel processing networks.

4. Experimental Section
Micro-Fabrication of BP Synaptic Devices: Layered BP flakes were
obtained via poly-dimethyl-siloxane (PDMS)–assisted mechanical
exfoliation of a commercial bulk BP crystal (Smart Elements). The rigid
substrates (SiO2 (300 nm)/p-doped Si) and flexible 125 µm polyethylene
naphthalate (PEN) foils were thoroughly cleaned with acetone and
isopropanol followed by blow dry in N2 and then dehydration at 150 °C
for 5 min, in case of rigid substrates. Furthermore, substrates were
treated with low-power oxygen plasma (30 W) for 5 min to remove
organic residue. Then exfoliated few-layer BP flakes were transferred
onto the clean substrates. The BP flakes with thicknesses in the range
of 5–15 nm were identified by an optical microscope and AFM. Standard
photolithography/lift-off were used to pattern electrodes on thin BP
flakes with different channel areas in the range of 9.1 and 19.5 µm2.
Metal Cr (5 nm)/Au (90 nm) and Ti (5 nm)/Au (90 nm) electrodes
were then deposited on the developed patterns using electron beam
evaporation at pressure <5 × 10−7 Torr. Finally, lift-off in acetone was
carried out to reveal the required metallic contact pads for microprobes
and electrical measurement.
Transmission Electron Microscopy: The transmission electron
microscopy, energy-dispersive X-ray spectroscopy, and electron energy
loss spectroscopic analyses were performed by using a JEOL 2100F
scanning transmission electron microscope (STEM) with attached
Tridium Gatan image filter (aperture of 5 mm). For the cross-sectional
analyses, thin TEM lamellae were prepared by focused ion beam (FIB)
from BP synaptic devices by using a FEI Scios DualBeam FIBSEM
system. Cross-sectional STEM micrographs and EELS spectra were
collected using a <1.5 nm beam spot. A power law fit was adopted
for P-L and O-K pre-edge background correction while the influence
of nearby peaks and plural scattering were reduced by narrow signal
windows. Elemental EDS maps were collected with a Bruker Quantax
EDX system.
AFM and Raman Characterization: AFM topographic scans of the
exfoliated BP flakes were conducted on a Dimension-Icon AFM in
ScanAsyst mode. Raman spectra were obtained by using a Horiba
LabRAM Evolution micro-Raman system equipped with 9 mW, 532 nm
laser (0.5 µm lateral resolution, 0.25 s exposure), and a 50× objective.
X-ray Photoelectron Spectroscopy: X-ray photoelectron spectroscopy
(XPS) analysis was conducted by using a Thermo Scientific K-Alpha
instrument utilizing an aluminum Kα radiation source (1486.6 eV). The
XPS spectra were collected from BP flakes exfoliated on the SiO2/Si
substrates. The adventitious carbon binding energy (C 1s) of 285 eV was
used as reference for peak fitting of principal elements. All spectra were
resolved by using the standard Gaussian–Lorentzian function followed
by the Shirley background correction.
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Thin films

Low
dimensional

Material
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Potentiation
(385-625 nm)

Habituation (along with
electrical pulses)

InGaZnOx, InSrZnOx,
InSrOx, InZnOx

CH3NH2PbI3

–

–

Potentiation (1580 nm)

Graphene

Ge2Sb2Te5

Potentiation (375 nm)

–

Habituation
(405, 532 nm)

Graphene/CNT
hybrid

Potentiation (365 nm)

Potentiation & Habituation

Potentiation
(365-660 nm)

CsPbBr3 QDs

Si nanocrystals

Potentiation

–

InGaZnOx-Al2O3

Potentiation & Habituation

–

MoO3

WSe2, NiPS3, FePSe3

Potentiation

–

–

Habituation

Potentiation & Habituation

Habituation

No
No

≈130%
≈155%

No

≈40%

No

≈70%

Yes

Yes

≈149%

Yes

Yes

No

Yes

No

NG

No

≈14%
≈290%

Yes

No

Yes

No
≈206% (ionotronic
mode) ≈165%
(electronic mode)

Potentiation & Habituation
Potentiation & Habituation

–

Potentiation (455 nm)

≈120%

Yes

≈285% (280 nm)
≈155% (365 nm)

Potentiation & Habituation

Potentiation
(280, 660 nm) &
Habituation (365 nm)

Potentiation (310 nm)

MoS2

Black Phosphorus

STDP

Electrical

No

No

No

No

No

No

Yes

No

Yes

No

No

Yes

No

Yes

Neural logic/
filtering

Neural functions
PPF index [max.]

Optical [wavelength]

Presynaptic stimuli

No

No

No

No

No

No

No

No

No

No

No

Yes

No

Yes

Substrate

NG

SiO2/Si

SiO2/Si

1.4 × 10
103

NG
NG

10−1

NG

7×

10−1

10

102

10

2

2.43 ×

5×

SiO2/Si
10−5

SiO2/Si

SiO2/Si

Si

Glass

Si3N4/SiO2

5 × 10−1
10

102

SiO2/Si

NG

3

SiO2/Si

9.6

SiO2/Si

SiO2/Si

SiO2/Si

3 × 10−2 (WSe2)

NG

≈4.8 (ionotronic
mode) ≈1.3 × 104
(electronic mode)

1

5

Ref.

[32]

[29]

[28]

[84]

[16]

[20]

[21]

[80]

[83]

[26]

[24]

[23]

[19]

≈3.5 (optical) ≈9.24 SiO2/Si & PEN This Work
× 102 (electrical)

Power
consumption [pJ]

10−1

103

10.5

10

102

Associative Presynaptic
learning spike time [ms]

Performance

Table 1. Comparison of key features of our few-layer BP synaptic devices with reported synaptic devices. Abbreviations—PEN: Polyethylene napthalate, NG: Not given.
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Electrical and Photoelectronic Measurements: Electrical measurements
were conducted using Keithley 4200-SCS semiconductor parameter
analyser and Keysight 2912A sourcemeter. For optoelectronic
measurements, commercial monochromatic light-emitting diodes with
illumination wavelengths of 280, 365, and 660 nm (from Thorlabs, Inc.)
were used as excitation sources. The illumination power was calibrated
by a commercial UV-enhanced silicon photodetector (Newport
Corporation). The excitation frequency and pulse width of the light
sources were controlled by Keysight U2961A function generator and
programmable Arduino-Uno microcontroller board. The channel area–
dependent conductance of BP synaptic devices was measured under
280 and 365 nm illuminations revealing inverse relation to the channel
area (Note S9, Supporting Information). For reliable operation of optical
few-layer BP synaptic devices, a recently reported chemical sequestration
technique was employed based on 1-butyl-3-methylimidazolium
tetrafluoroborate [BMIM][BF4] ionic liquid to prevent the photodegradation of few-layer BP[64] (Note S10, Supporting Information).
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Supporting Information is available from the Wiley Online Library or
from the author.
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