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In recent times, there has been a growing interest in the development of light-stimulated artificial
synapses for applications related to artificial intelligence. Low operating voltage, low energy
consumption, less noise, high transmission rate, and high operating speed make artificial synaptic
organic field-effect transistors (OFET) suitable candidates for future artificial complex neural network
development. In this work, we demonstrate human cognitive activities through the utilization of
water-soluble gelatin biopolymer gated poly(2,5-bis(3-alkylthiophen-2-yl)) thieno [3,2-b] thiophene
[PBTTT-C14] synaptic OFETs. The devices exhibit basic neurobiological phenomena including excitatory
post-synaptic current (EPSC), pair-pulse facilitation (PPF), short-term plasticity (STP), long-term plasticity
(LTP), STP to LTP conversion, and learning-forgetting-memorizing (LFM) nature similar to the human
brain. The photo-response parameters such as photoresponsivity, detectivity, and the photo and dark
current ratio are estimated for the better realization of the photo synapses. The OFETs exhibit
commendable photoresponsivity of 11.10 mA w high detectivity of 8.55 x 108 Jones, and the photo
to dark current ratio of 654. Moreover, these photo synaptic OFETs imitate the human emotion-
tuneable and the mood-swing-influencing (MSI) memory and learning behavior. Further, We also
demonstrate the implementation of the '‘OR’ logic gate under the stimulation of two different
wavelengths by utilizing these OFETs. Additionally, we replicate Pavlov's dog experiment to explain the
associative learning nature of the OFETs. The OFETs exhibit a fairly low energy consumption of ~89 nJ
per optical event to perform basic neurobiological activities which facilitates the development of
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rsc.li/materials-advances complex artificial neural networks with minimal energy consumption.

1. Introduction

In the current epoch of information and technology, it has
become apparent that von Neumann’s architecture is beset
with impediments in fulfilling the demands of forthcoming
artificial intelligence-related applications. This is primarily due
to its excessive energy consumption, unwieldy dimensions, and
the segregation of memory and processing components.”* A
viable solution to address the impediments linked to von
Neumann’s architecture is to construct an artificial neural
computing system that can emulate the neurobiological ner-
vous system. In contrast to the conventional von Neumann
architecture, the human brain exhibits distinct advantages in
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efficiently processing complex information owing to its lower
energy consumption, higher transmission rate, faster operating
speed, and integration of processing and memory modules.*”
The human brain consists of 10" neurons and 10" synapses
which play a major role in learning, thinking, and calculating with
speed compared to the speed of the fastest supercomputer.®’
Henceforth, the impediments of von Neumann’s computer can be
resolved by emulating the human brain as a neuromorphic
computing system. Consequently, the methodology of fabricating
synaptic devices inspires researchers globally to engage in the
development of artificial synapses that interconnect neurons.®™*°

Numerous optoelectronic synaptic devices featuring dual,
triple, and multi-terminal configurations have been documen-
ted for the purpose of emulating neurobiological synapses.'* ™
As the biological synapses have two terminal structures, a two-
terminal device is preferable to replicate the neurobiological
synapses. However, the gate terminal enhances the functional
advantages, which help to understand reading and writing
simultaneously.”>” Different excitations, including optical,
electrical, chemical, and biological excitations have been used
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to stimulate the synaptic device to get post-synaptic electrical
responses.'®° Benefiting from the properties of large band-
width, relatively less noise, low crosstalk, less energy consump-
tion per an optical event, small resistance-capacitance (RC)
delay, and high transmission rate, the optoelectronic synaptic
OFETs are helpful for building an artificial neural network for
artificial intelligence (AI) applications.*'>* The advantages of
using light excitation in building artificial synapses are its
ultra-fast signal transmission speed, wide bandwidth, and
robustness.”>>® The generation of the post-electrical signal
from the pre-light excitation is possible by designing the proper
device architecture and selecting the exact photo-conducting
material.>*" This light excitation creates a non-volatile flash
photo-memory in terms of an electrical signal, and this photo-
memory records the optical information.*>** The interfacial
charge trapping effect between the dielectric and organic
semiconductor is the main reason for realizing this synapse-
like behavior. The light signal acts as a modulator of this
interfacial trap process.*® The regulation of this charge-
trapping phenomenon upon the light excitations helps to
replicate the basic neurobiological functionalities.'® Different
semiconductor materials, such as oxide, organic, inorganic,
and 2D materials, have been widely used as active channel
materials for fabricating photo synaptic transistors.**” Among
them, organic semiconductors have the advantage of solution
processibility, disorderliness, low-cost processing, and a rela-
tively high absorption coefficient that helps to build a photo
synaptic transistor.’®?°

Recently, natural biomaterials have been getting massive
attention in bioelectronics due to their excellent properties of
biocompatibility, biodegradability, low cost, non-toxic, and
user-friendly.*>** Among them, gelatin is a natural protein that
can be extracted from plants, connective tissues, bones, and
skins.*>** The gelatin layer is basically hydrophilic in nature
and this layer helps to form the electrical double layer (EDL)
when mobile ions migrate towards the semiconductor-dielec-
tric interface under applied voltage.*>** The formation of EDL
at the dielectric/organic semiconductor interface is also respon-
sible for achieving low-voltage operating OFETs. The achieve-
ment of low voltage operation in photo synaptic OFETs is very
promising for synaptic applications to replicate human brain-
like functionalities. Human emotional illness (depression,
mental stress, and mood disorder) and the synaptic plasticity
of the human brain are linked together, which is directly
related to the learning and memory behavior of the human
brain.**™*” The artificial photo synapses are capable of imitat-
ing the human emotion-tuneable synaptic learning and mem-
ory behavior. The modulation of the gate voltage and light
stimulus is responsible for achieving the human brain’s
emotion-tuneable memory behavior.

In this study, we investigate the potential applications of
environmentally friendly biopolymer in the field of neuro-
morphic computing applications. Specifically, we utilize gelatin
as a gate dielectric material in the fabrication of photo synaptic
OFETs due to its exceptional properties.*>*" Additionally, we
employ PBTTT-C14 as a channel material in the OFETS, given
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its superior semiconducting properties, high crystallinity, and
large light absorption coefficient. However, the high photosen-
sitivity of PBTTT-C14 enables modulation of the OFET’s chan-
nel conductivity, thereby laying the groundwork for the
development of photo synaptic transistors. These OFETs are
capable of replicating basic neurobiological functionalities
of the human brain. The OFETs showed a fairly low energy
consumption of ~89 nJ per optical event which is comparable
to the energy consumption of the conventional CMOS circuit.*®
The ‘OR’ logic operation and the associative learning nature by
simulating Pavlov’s dog experiment are realized through these
OFETs. In addition, the photo synaptic OFETs successfully
replicated the human emotional connection and mood influ-
ence dependent learning and memory behavior.

2. Experimental section
2.1 Materials

Poly(2,5-bis(3-alkylthiophen-2-yl)) thieno [3,2-b] thiophene
[PBTTT-C14] and gelatin were purchased from Sigma-Aldrich
and used as received. The ITO (Lumtec, Taiwan)-coated glass
was used as a substrate and the bottom gate electrode. The
conventional top-contact and bottom-gated configuration was
implemented to fabricate these OFETs. Biopolymer gelatin was
used as a gate dielectric for these OFETs.

2.2 Device fabrication

The substrates underwent a cleaning process involving sonica-
tion for 20 minutes in a soap solution, de-ionized water,
acetone, and IPA, followed by drying with nitrogen flow. Sub-
sequently, the substrates were subjected to UV-Ozone treatment
for 30 minutes at 100 °C. To prepare the gelatin solution,
250 mg of gelatin was dissolved in 1 mL of de-ionized water by
stirring on a magnetic hot plate at 60 °C for 2 hours. The gelatin
solution was then spin-coated onto the UV ozone-treated sub-
strate at 1000 rpm for 60 s. The gelatin-coated substrate was
annealed at 50 °C for 12 hours in an ambient atmosphere,
resulting in a gelatin layer thickness of approximately 2.5 pm.
A PBTTT-C14 solution was prepared by dissolving 10 mg of
PBTTT-C14 in 1 mL of ortho-dichlorobenzene solvent at 110 °C
for 1 hour. The as-prepared PBTTT-C14 solution was then spun
onto the gelatin layer at 1000 rpm for 60 s and dried in an
ambient atmosphere for 1 hour before electrode deposition.
Finally, 100 nm of Cu was deposited onto the semiconductor
layer through a thermal evaporator using a shadow mask at a
base pressure of 2.4 x 10~° mbar.

2.3 Device characterization

All the electrical measurements were performed under ambient
atmosphere and room temperature using Keithley 4200 SCS.
The photo response measurements were carried out using a
white LED controlled through a waveform generator (Keysight).
Logic gate, Pavlov’s dog experiment and human mood swing
behavior understanding were carried out using red (620 nm),
blue (440 nm), green (525 nm), and yellow (585 nm) LED.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The channel length (L), channel width (W) are 150 um and
3 mm, respectively.

3 Results and discussion

The chemical structures of gelatin and PBTTT-C14 are depicted
in Fig. 1(a) and (b), respectively. The schematic of the device
architecture of the photo synaptic OFET is illustrated in

Fig. 1(c).

3.1 Optical property and surface morphology of
semiconducting layer

The fabrication of artificial photo synaptic OFETs for neuro-
morphic applications employs a device architecture and
solution-processible approach that is characterized by its sim-
plicity. Fig. 2(a) displays the UV-Vis spectrum of the PBTTT-C14
layer, which is measured to gain insight into the optical
absorption of the active semiconducting channel layer of
the OFETs.

Fig. 2(a) illustrates the broad absorption band is primarily
situated in the visible region with a characteristic peak centered
at 545 nm.*® This infers that PBTTT-C14 is highly suitable for
utilization in photo synaptic OFETs that are stimulated by
visible light. In order to investigate the quality of the gelatin/
ITO and PBTTT-C-14/gelatin/ITO thin film, atomic force micro-
scopy measurements are performed, as shown in Fig. 2(b) and
(c) respectively. The gelatin/ITO and PBTTT-C-14/gelatin/ITO
film exhibited a reasonably smooth root mean square rough-
ness of 0.4 nm and 1.3 nm, respectively.

3.2 The impact of light on the electrical characteristics of the
OFETs

Fig. 3(a) and (b) display the output characteristics (Vs — Igs) of
the synaptic OFETs under dark and illuminated conditions.
The photo-response parameters of OFETs are obtained by
characterizing them under white light (white LED source of
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intensity 2.5 mW cm™?) at the drain voltage sweep range from
0 to —20 V by keeping the gate voltage step of —2 V. Notably, the
drain current of these OFETs increases under light illumination
compared to dark conditions, within the same range of drain
voltage sweep (0 to —20 V). The output current of the transistor
is regulated by varying both the light intensity and gate voltage
bias. The transfer characteristics (Vg5 — Ig5) are measured under
both dark and illuminated conditions, as shown in Fig. 3(c) and
(d), respectively. The drain current of the OFETs increases by
almost three times under light compared to the current in dark
conditions for the same gate voltage sweep (20 V to —20 V at
Vas = —20 V). The transfer characteristics exhibit hysteresis
behavior, which can be attributed to the presence of traps at the
gelatin/PBTTT-C14 interface, indicating the memory-storing
capability of the OFETs.'® The decrease in hysteresis behavior
under light illumination conditions is due to the modulation of
trap charge carriers.”® The trapped charge carriers are released
under illumination conditions, causing an increase in the
conductivity of the channel layer.'” The gate bias (V) signifi-
cantly influences the hysteresis behavior in the transfer char-
acteristics of the OFETs. Gate bias modulates the channel
conductivity in the device by accumulation/depletion of
charges, which eventually affects the charge carrier transport
and their trapping/de-trapping.”***

In the hysteresis loop, under the forward sweep of the gate
voltage (OFF to ON state), the trap sites at the dielectric-
semiconductor interface are filled with charge carriers, result-
ing in a threshold voltage of —4.5 V. Conversely, when the gate
voltage is swept in reverse (ON to OFF state), the trapped charge
carriers are released from the traps, shifting the threshold
voltage to +15 V.>' Such hysteresis behavior is controllable
through the gate voltage, ultimately contributing to the mem-
ory characteristics of the OFETs.

The electrical performance parameters of the gelatin-gated
PBTTT-C14-based OFETs are estimated from transfer charac-
teristics for both dark and illuminated conditions. The charge
carrier mobility of the OFETs is calculated from the slope of
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Fig. 1 Chemical structure of (a) gelatin, (b) PBTTT-C14, and (c) schematic of gelatin-gated PBTTT-C-14-based OFET.
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Gelatin/ITO PBTTT-C-14/Gelatin/ITO

Fig. 2 (a) UV-VIS spectra of gelatin/PBTTT-C14 layer, (b) AFM topography of a gelatin film deposited on ITO substrates (2 x 2 pm?), and (c) topography

of a PBTTT-C14 film on the stack of gelatin/ITO (2 x 2 um?).
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Fig. 3 The output characteristics of the OFETs (a) under dark, (b) under light, and transfer characteristics of the OFETs (c) under dark, (d) under light.

V135 — Vs plot for the forward sweep of the transfer character-
istics using the equation given below,

/4
Cspﬂs ( Vgs - Vth)27

|1as] :Z

where, Cgp, 15, and Vy, are the specific capacitance, saturation
mobility, and threshold voltage respectively. The results are
compiled and presented in Table 1.
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The unannealed PBTTT-C14-based OFETs show the charge
carrier mobility of 1.35 x 10~* em”® V™' s™'. The mobility is
comparable with the recent reports where PBTTT-C14 is uti-
lized without any annealing.** The OFETs exhibit a threshold
voltage of —4.5 V due to the formation of EDL capacitance
between the dielectric and semiconductor.** In the gelatin
dielectric, the presence of water traces interacts with acidic
(and/or basic) amino acid residues, leading to the generation of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Electrical performance parameters for gelatin-gated PBTTT-
Cl4-based OFETs

Parameters Under dark Under light
Mobility (cm® V™' s7) 1.35 x 10°° 2.82 x 107°
Threshold voltage (V) —4.5 +7.50
Sub-threshold swing (V dec™) 24.39 131.57
On/off ratio 187 1.53

mobile charges such as protons (H") and hydroxyl ions (OH").
In the context of gelatin-gated OFETs, the introduction of
negative gate voltage bias to the gate electrode helps to induce
a negative surface charge which attracts mobile protons (H')
and creates an EDL at the gate electrode/dielectric interface.
Simultaneously, the hydroxyl (OH ) anions were repelled and
migrated towards the gelatin/semiconductor interface which
forms a second EDL. Therefore, the EDL capacitance achieves
which helps to get a low-voltage operation of the OFETs.**

Upon comparing the electrical parameters of the photo
synaptic OFETs under dark and illuminated conditions, it is
observed that there is not a significant change in charge carrier
mobility. Nonetheless, it is noteworthy that the threshold
voltage displayed a positive shift (+7.5 V). This phenomenon
can be attributed to the charge carriers generation by the
incident light, which proceeds to occupy the trap states located
at the interface of gelatin and PBTTT-C14.”* Furthermore, the
sub-threshold swing of the OFETs increased while the on-off
ratio decreased under light illumination. This can be attributed
to the modulation of channel conductivity by the photo-
generated charge carriers. It is noteworthy that the photo-
generated charge carriers dominate the channel conductivity
over the gate effect, which is the primary reason for the
observed increase in sub-threshold swing and decrease in the
on-off ratio under light illumination.>® The device’s drain
current usually exhibits a gradual decrease over time as a result
of charge trapping, which can be explained using the concept of
stretched exponential variation.”®*® This phenomenon, how-
ever, can be influenced by the presence of dipoles in the
dielectric layer. These dipoles can enhance the current during
the polarization time by modulating the channel conductance,
but eventually, the current decreases due to charge trapping.
Such bias-stress effects are frequently observed in polar dielec-
tric systems.

In the gelatin-gated PBTTT-C14-based OFETs, a slight bias-
stress instability was observed, however, there was no signifi-
cant change in the drain current during long-term operations.
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To ensure their environmental stability, we kept the devices in
an ambient atmosphere to check the degradation of the
devices. The devices remained stable in terms of device stability
for a duration of approximately more than a month, with no
decline observed in their electrical performance parameters.
Despite the increased relative humidity, the devices exhibited
remarkable stability under bias stress owing to the affinity of
gelatin for moisture.”” The presence of even a small amount of
water in the solid gelatin dielectric film can generate protons,
which can readily migrate to the interface under the influence
of the gate field. This phenomenon aids in the accumulation of
charges in the channel.>®

3.3 Photo response performance of the OFETs

The photo response parameters (photoresponsivity, detectivity,
and the ratio of photo to dark current) of the OFETs are
estimated. The photoresponsivity (R), which represents the
optical response capability of the OFETSs, was calculated using
the formula

_ [Pholo - IDark

R
PS ’

where, Iphoto and Inak are the photo and dark current of the
OFETs, P and S represent the optical power and effective
surface area of the devices respectively. Detectivity (D*), which
represents the response efficiency of the OFETs under a weak
light signal, was calculated using the formula,"’

R,/ ol ,
2elDark

where, e is the electronic charge.

The OFETs demonstrate a relatively commendable level of
photoresponsivity of 11.10 mA W™, good detectivity of 8.55 x
10°® Jones, and an exceptional ratio of photo to dark current of
654."° These photo response parameters are deemed suitable
for characterizing an artificial photo synapse.

We have compared the photo response parameters of these
gelatin-gated PBTTT-C14 OFETs with the relevant performance
reported in the literature and summarised in Table 2. There is no
report on biopolymer-gated OFETs for photo synaptic applica-
tion. It is worth noting that all the OFETs (mentioned in Table 2)
have SiO, as the gate dielectric, which is different from our
devices, PBTTT-C14 OFETs with gelatin as the gate dielectric.
The gelatin-gated PBTTT-C14 OFETs demonstrate a simpler
device architecture exhibiting photo synaptic characteristics

D" =

Table 2 Comparison of photo response parameters of gelatin-gated PBTTT-C14 OFETs with reported OFETs with SiO, as gate dielectric

Device structure

Photosensitizer/charge trapping layer Photo-responsivity Detectivity Photo and dark current ratio Ref.

Si/SiO,/PBTTT-C14/M0O;/Ag No
Si/Si0,/0OTS/PBTTT-C14/M00;/Ag No
Si/Si0,/OTS/C60/PTCDA/SnPc/Au Yes
Si/Si0,/CsPbBr,/TIPS/Au Yes
Si/Si0,/OTS/PBTTT-C14/Cu No
Si/SiO,/PBTTT-C14:4CzIPN/Ti/Au Yes
ITO/gelatin/PBTTT-C14/Cu No

© 2024 The Author(s). Published by the Royal Society of Chemistry

0.01 3.15 x 107 2.41 58
0.09 9.56 x 107 11.01 58
56.88 9.15 x 10"* — 59
2 x 10° 2.00 x 10™ 1.80 x 10° 60
1.10 401 x 10° — 61
24.00 1.22 x 10" — 62
0.01 8.55 x 10® 654 This work
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without the incorporation of extra photosensitizing or charge-
trapping elements in the devices.

3.4 Cause of the photo synaptic behavior

The operational principle of a photo synapse is primarily
attributed to the interfacial charge trapping effect at the
organic semiconductor/dielectric layer interface. Typically,
under dark, the charge carriers become trapped at the interface
between the semiconductor and dielectric materials. However,
when the OFET is exposed to light, the charge carriers
are stimulated and freed into the semiconducting channel.
Once the light source is removed, the free-charge carriers
are once again re-trapped by trap sites located at the interface.
In addition to the interfacial trap, the generation of moisture-
induced impurities (water and oxygen) in organic semiconduc-
tors causes oxidative trap states that also trap the charge
carriers and turn out as a secondary reason for exhibiting
photo synaptic behaviors. Several studies have investigated
the impact of prolonged exposure to the ambient atmosphere
on PBTTT-C14-based OFETs.®*® It has been consistently
observed that these OFETs undergo substantial oxidative dop-
ing over time. Consequently, the OFF current experiences a
notable increase, and there is a shift towards a more positive
threshold voltage. This phenomenon can be attributed to the
rise in acceptor states within the bandtail. These oxidative
doping states may serve as trap centers to capture the charge
carriers and play a crucial role in facilitating the development
of such artificial photo synapses.”” Under the influence of light
irradiation, the transfer of charges happens through oxygen-
induced deep traps. This process allows for the storage of
photogenerated holes, which in turn enables the organic semi-
conductor to perform synaptic functions.®® Ruan et al. and
Deng et al. provided a similar explanation for Dif-TES-ADT
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(organic semiconductor) based OFETs to elucidate the impact
of hydrated impurities on the photo synaptic behaviors of the
OFETs.*>%°

3.5 Interfacial trap density in the OFETs

We estimated the interfacial trap density, which is determined
using the transistor parameters. The sub-threshold swing
method and the threshold voltage method are employed to
ascertain the maximum interfacial trap density. Maximum inter-
facial trap density is calculated using the formula given below,*”

NiMax ~ l:qss log(e) _ 1:|&
KBT q

where, g, SS, Cp, Kg, T are the electronic charge, sub-threshold
swing, specific capacitance, Boltzmann constant, and tempera-
ture in kelvin, respectively. It gives the maximum interfacial trap
density of 1.36 x 10'® cm™>. A similar order of interfacial trap
density is achieved from threshold voltage using the formula®”

Csp X AVlh
q

N;%

The gelatin-gated PBTTT-C14 OFETs exhibit a significantly
lower interfacial trap density, approximately 10> orders of
magnitude less when compared to the conventional SiO,
dielectric-based PBTTT-C14 OFETs.®” The electrical perfor-
mance and photo response parameters of gelatin-based
PBTTT-C14 OFETs inspire us to further characterize them for
artificial synaptic applications.

3.6 Basic synaptic functionalities of the OFETs

In order to draw an analogy between the gelatin-gated PBTTT-C-
14-based synaptic OFETs and neurobiological synapses, we
consider optical excitation as the pre-synaptic signal and the

[
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Fig. 4 The analogy for signal processing between the human brain and artificial synaptic OFETs.
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output drain current as the post-synaptic response, as illustrated
in Fig. 4. The modulation of channel conductance of the OFETSs
is deemed to be synaptic weight (SW), which denotes the degree
of interaction between two consecutive neurons. The SW change
AEPSC
Bias

to compute the SW modification of the OFETs, which is achieved
through the regulation of input stimulation conditions, includ-
ing optical pulse duration, pulse number, and pulse intensity.

The excitatory post synaptic current (EPSC) is the basic unit
of the nervous system, which is related to neuroplasticity. The
EPSC behavior of OFETs as shown in Fig. 5(a) is measured by
triggering an optical pulse of 1 s and intensity of 0.6 mW cm™>.

Upon excitation of the optical pulse with a duration of 1 s,
the maximum EPSC of the OFET exhibits 17.92 nA. Following
the cessation of the optical pulse, two distinct phases of decay,
fast and slow, are observed prior to saturation. The synapse-like
behavior is attributed to the charge-trapping effect induced by
the polar group of the dielectric gelatin as illustrated in
Fig. 5(b). The trapped charge carriers are subsequently released
onto the semiconducting channel layer upon triggering by the
optical pulse, resulting in a higher EPSC. Upon termination of
the pulse, the photocurrent of the OFETs decays slowly to
its initial level due to the re-trapping of the charge carriers
by the trap sites. Initially, the charge carriers are trapped by
the trap sites created by the polar groups of the dielectric.

is defined as ASW =

. The change in the EPSC is utilized

17.95
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Fig. 5
behavior of the OFETs under two successive optical pulses.
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The introduction of photoexcitation facilitates the increment of
the channel’s conductivity. Upon removal of the photoexcita-
tion, the charge carriers are once again re-trapped.

The paired-pulse facilitation (PPF) is a noteworthy neuro-
biological occurrence in which synaptic responses are
enhanced through the application of two successive optical
excitations. We measure the PPF response by triggering two
consecutive optical pulses of 1s duration, separated at a pulse
interval of 1 s, as depicted in Fig. 5(c). The amplitude of the
EPSC for the second pulse exceeds that of the first pulse.
Furthermore, the PPF index is determined through the use of
the following equation,

Ay — A,
1

PPF = x 100%

where, A; and A, are the amplitude of the maximum EPSC for
the first and second pulse, respectively. The gelatin-gated
PBTTT-C14-based OFET has a PPF index of 0.88%. The decay
trend of PPF is analyzed by using a bi-exponential fitting
function as follows.

—AT —AT
PPF = 4, exp ([—) + A, exp (Z—)
1 2

The variables A (A4, 4,) and ¢ (¢, t,) denote the initial
facilitation magnitudes and relaxation time, respectively. The
values ¢; and ¢, correspond to the rapid (1.06 s) and slow (47.32 s)
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~EPSC (nA)
=
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trap sites

(a) EPSC response of the OFETs under the optical pulse of 1 s, (b) Charge trapping mechanism in the gelatin/PBTTT-C-14 interface, and (c) PPF
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decay of the PPF, respectively. The relaxation times obtained
from the fitted data are consistent with the neurobiological time
scale as presented in Table S2 (ESI1).'° In the field of neurobiol-
ogy, PPF behavior as shown in Fig. 5(c) reflects that the synapse
attempts to retain the previous stimulus even after its cessation.
Specifically, following the triggering of the first optical pulse,
some charge carriers remain trapped prior to the introduction of
the second optical pulse, thereby causing the PPF behavior of
the OFETs.

3.7 The transformation of short-term to long-term plasticity

The conversion of short-term plasticity (STP) to long-term
plasticity (LTP) is a highly desirable phenomenon in neurolo-
gical synapses. The transformation of short-term to long-term
memory is essential for the development of long-term memory
elements in artificial neural networks.®® The modulation of
optical input stimulation parameters such as optical pulse
duration, pulse number, and pulse intensity affect the conver-
sion process. We measured the optical pulse duration-
dependent EPSC by varying the pulse duration from 1 s to
5 s, as depicted in Fig. 6(a). These measurements demonstrate
that the non-volatile flash photo memory and memory reten-
tion time increases with the increment of pulse duration,
indicating the successful transformation of STP to LTP. The

18.4
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Fig. 6
OFETs, and (d) learning-forgetting-memorizing nature of the OFETs.
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increase in pulse duration facilitates sufficient time for the
charge carriers to release onto the conduction channel, thereby
yielding a greater EPSC magnitude. The synaptic weight (SW)
change upon the optical pulse durations provides a better
visualization of this artificial synapse. The SW increases with
the increment of the pulse duration, replicating the neurobio-
logical synapses (ESL1 S2a)*® and it is obvious from the incre-
ment of the retention of non-volatile flash photo memory at
60 s (ESI¥ S2b). Similar results have been reported in the
literature.*

Alternatively, the conversion of STP to LTP can be done by
modulating the number of optical pulses. We studied EPSC
dependent on pulse number by increasing the pulse number
from 5 to 25, as depicted in Fig. 6(b). We noticed a transition
from STP to LTP with the increment of pulse number, which is
known as spike number-dependent plasticity. An increase in
EPSC with pulse number, is attributed to the release of addi-
tional charge carriers following each individual optical pulse.
The relationship between the non-volatile flash photo memory
and optical pulse number is analyzed using an equation,

A

.—A .
ASW = Tl where 4, and A4, are the amplitude of EPSC
1

after the nth and 1st optical pulse, respectively. The SW
increases in proportion to the optical pulse numbers, as
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(a) Pulse duration-dependent EPSC of the OFETSs, (b) pulse number-dependent EPSC of the OFETSs, (c) pulse intensity-dependent EPSC of the
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evidenced by Fig. S3a (ESIt). We analyze the photo memory
retention at 200 seconds by varying pulse numbers to establish
the STP to LTP conversion.

Further, converting STP to LTP is also achieved by controlling
the optical pulse intensity. These OFETs have successfully repli-
cated pulse intensity-dependent EPSC, with pulse intensity
increasing from 0.6 mW cm > to 2.78 mW cm™ >, as illustrated
in Fig. 6(c). As the optical pulse intensity increases, the non-
volatile flash photo memory and memory retention also increase
due to the generation of more charge carriers at higher light
intensities and it is obvious with photo memory retention at 25
seconds of decay, as illustrated in Fig. S4b (ESIt). Correspond-
ingly, the SW also increases with increasing pulse intensity, which
is consistent with the biological nervous system (ESI,t S4a).'

Further, we verified the learning-forgetting-memorizing nat-
ure, akin to that of the human brain, is successfully replicated
in these OFETs. The human brain undergoes three primary
procedures when acquiring new knowledge: learning, forget-
ting, and memorizing.”’ Notably, the memorizing process
typically requires less time than recalling forgotten information
in the human brain. Similarly, in the gelatin-gated PBTTT-C14-
based photo synaptic OFETSs, the memorizing process requires a
reduced number of optical pulses (22 pulses) compared to the
learning process (50 pulses) to attain the same memory level,
Fig. 6(d). These experiments establish the functioning of these
OFETs performance as analogous to the human brain for learning-
forgetting-memorizing characteristics. This also indicates the
memory retention capabilities of the cognitive system.”®

3.8 Energy consumption of the OFETs

The energy consumption per optical spike is a key feature of
photo synaptic devices and realization of low energy consump-
tion per synaptic operation is a major challenge. We estimated
the energy consumption per optical event using the formula,*®

Espike = Ipeak' vt

Blue light
pulse
Red light
a) I pulse b)
15.0
14.8
~ 14.6 1
<
£
O 14.44
2]
=
=
I 142
Wl 122
13.8

Fig. 7

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

where, Ipeak, V, and ¢ are the amplitude of the maximum EPSC,
bias voltage, and optical pulse duration, respectively. These
OFETs show an energy consumption of ~89 nJ per optical
event (ESL T S5) which is comparable to the conventional CMOS
circuit.*® This fairly low energy consumption is highly desired
for constructing artificial neural networks.

3.9 Logic gate implementation

The utilization of synaptic devices for the implementation of
logic operations has garnered significant attention in artificial
intelligence-related applications. The gelatin gated PBTTT-C14-
based photo synaptic OFETs exhibit the “OR” logic operation
using two optical pulses, wavelengths 440 and 620 nm, as input
signals as shown in Fig. 7(a).

The logic “1”” (high) is assigned to EPSC above 14.1 nA, while
below 14.1 nA are assigned the logic “0” (low). The experi-
mental measurements for the “OR” logic operation and the
corresponding outcomes are depicted in Fig. 7(a). Fig. 7(b)
shows the truth table for the “OR” logic operation. In this
sequence, EPSC is induced by stimulating optical pulses of two
different wavelengths, with a pulse duration of 1 s, intensity of
0.6 mW cm ™2, and a bias voltage of Vg4 = Vg = —5 V. The
amplitudes of the EPSC induced by individual optical pulses of
wavelength 620 and 440 nm are 14.13 nA and 14.80 nA,
respectively, both of which exceed the threshold value, result-
ing in an output of “1” (high). The amplitude of the EPSC when
both optical pulses are on, results EPSC of 14.85 nA, also
resulting in a high output. Therefore, these photo synaptic
OFETs have successfully exhibited the “OR” logic operation.

3.10 Associative learning (Pavlov’s dog experiment)

One of the most important features of the human brain is
learning and memory through successive training which is
called associative learning.”* For studying this behavior, we
performed Pavlov’s dog experiment using the photo synaptic
OFETs. Optical pulses with two different wavelengths of 440

Red light pulse Blue light pulse OR gate

0 0 0
1 0 1
0 1 1
1 1 1

(a) Optical stimulation condition and corresponding outputs for realizing ‘'OR’ gate, and (b) Truth table of ‘OR’ logic operation.
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and 620 nm were utilized for the stimulation. The block
diagram of the experimental sequence and the corresponding
outputs are shown in Fig. 8(a) and (b), respectively. The photo
synaptic OFETs were biased at Vys = Vo5 = —5 V and the optical
stimulation of 440 and 620 nm are used.

To emulate Pavlov’s dog experiment, we used optical pulse
stimulation (10 pulses) of 620 and 440 nm as bell and food,
respectively. Fig. 8(a) illustrates the EPSC of the photo synaptic
OFETs triggered by different conditions of the optical pulses.
Initially, the bell (620 nm) was ringing, the dog did not salivate
(the maximum value of the EPSC was ~14.42 nA, and we
defined the threshold value to start salivation). However, the
introduction of food (440 nm) alone resulted in salivation, the
EPSC ~16.77 nA. Subsequently, when feeding and ringing of
the bell were simultaneously conducted, the dog salivated
maximally, the EPSC ~20.97 nA. After repeating this process
of simultaneous feeding and ringing ten times, the dog began
to salivate, the EPSC was 14.50 nA even under the introduction
of bell ringing only. Therefore, the associative learning ability
like the human brain, is successfully exhibited by these photo
synaptic OFETs. Furthermore, we noticed the persistence of the
associative learning ability after 15 minutes of the training.

3.11 Human emotion-tuneable learning and memory

The various categories of human emotions, including but not
limited to happiness, neutrality, and sadness, have a significant
impact on the learning and memory processes of the brain.>*”>
Specifically, positive emotions, such as moments of happiness,
have been shown to enhance the quality of learning
and memory behavior, whereas negative emotions, such as
moments of sadness, have been found to impede the brain’s
ability for learning and memory.”*”> This phenomenon of
emotion-dependent learning and memory is successfully repli-
cated in these photo synaptic OFETs through the examination
of V4s-dependent EPSC responses. In order to investigate this
emotion-tuneable learning and memory behavior, we measured
the EPSC responses with varying Vg, in the range of —1 V to
—5V, as illustrated in Fig. 9(a).

a) 10 Optical pulses

mm|

—EPSC (nA)

Time (s)
Fig. 8
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We establish a correlation between emotional states and the
consolidation of learning and memory with the operating
parameters of the OFETs. In this context, the drain-to-source
voltage (Vys) can be likened to a parameter capable of modulat-
ing emotional states in artificial photo synaptic OFETs. Neuro-
modulators are essential components within the human
nervous system that regulate the internal states of primary
human emotions. This study has focused on the role of Vg
as neuromodulators in influencing human mood.”® The EPSC
response of the device is analogous to the memory behavior of
the human brain in different emotional states.

The EPSC of these OFETs exhibits an increase with the rise
in the Vg, for the same input optical excitations. The trend of
EPSC decay also indicates an improvement in memory reten-
tion behavior as noticed from the AEPSC after 60 s, shown in
Fig. 9(b). A high V4, leads to increased band bending in PBTTT-
C14 favouring the flow of more photo-generated charge carriers
in the conduction channel, resulting in a higher EPSC, as
shown in Fig. 9(c). Eventually, at high Vg, the charge carrier
recombination rate reduces, leading to a longer retention time
of the photo memory.

As per the proposed analogy between the gelatin-gated
PBTTT-C14-based OFETs and emotion-dependent learning
and memory of the human brain, high V4, exhibit higher
AEPSC in the OFETSs. It mimics the higher memory retention
behavior of the human brain in a happy emotional moment.>®
Notably, an increase in EPSC changes is observed with an
increase in Vg, signifying the transformation of STP to LTP.
Consequently, the Vgs-tunable EPSC behavior of the photo
synaptic OFETs can be utilized to simulate human emotion-
tunable learning and memory behavior.

3.12 Human mood influence

The influence of the colour of light on human mood, attention,
consciousness, and reaction time has been established’” and it
modulates brain responses during cognitive tasks.”® Notably, the
impact of light of different colour has been extensively utilized in
the treatment of certain mood disorders. For studying the colour

(a) Experimental sequence for realizing Pavlov's dog experiment, and (b) block diagram of Pavlov's dog experiment.
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under different Vg in PBTTT-C14.

of light-dependent learning responses of human brain, we
performed an experiment to observe the light wavelength-
dependent of EPSC in these photo synaptic OFETs. These OFETSs
are subjected to red, yellow, green, and blue light and their
responses, as depicted in Fig. 10(a).

The EPSC responses to 50 pulses of optical stimulations
increase with decreasing wavelength of light (red to blue). This
observation is consistent with the response of the human brain
stimulated by the different colours of light, as reported in
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Fig. 10 (a) Light wavelength-dependent learning responses, and (b) variatio
wavelength.
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(a) Drain voltage-dependent EPSC responses of the OFETs, (b) EPSC decay change of Vys-dependent behavior after 50 s, and (c) band bending

neurobiological literature.”® The EPSC response of the OFETs
depends on the excitation energy of the optical stimulation.
The EPSC response is found to be highest when exposed to blue
light (4 = 440 nm), which possesses the highest photon energy
among all the other wavelengths (/. = 525 nm, 4 = 580 nm, and
J = 620 nm) and white light used in this study.®® The optical
absorption of the PBTTT-C14 active layer does not contribute to
the EPSC. We attribute the wavelength-dependent EPSC beha-
vior of the devices to the release of charge carriers from the
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Table 3 A comparison of currently reported work on biopolymer-gated artificial synaptic OFETs

Device performance

Type of artificial Operating Energy
Device structure synapse voltage (V) Synaptic responses consumption (n]) Applications Ref.
Si/keratin/PCDTPT/Au Electrical synaps —2 EPSC, SDDP, PPF — Dynamic filtering 82
Si/gelatin hydrogel/ Electrical synapse —1 EPSC, IPSC, PPF, 0.036 High pass filtering 83
IDT-BT/Au PPD, STM, LTM
Au/wood derive cellulose Electrical synapse —0.1 EPSC, synaptic plasticity 0.19 Signal filtering, dendrite 13
nanopaper/C8-BTBT/Au integration
Si/Au/dextran/DNTT/Au Electrical synapse —2 to —5 EPSC, STP, LTP — — 84
Si/pectin/DNTT/Au Electrical synapse —0.02 EPSC, STP, LTP, PPF — — 85
Glass/Au/PDPP3T/chitosan/Al Electrical synapse —10 EPSC, STP, PPF — Dynamic tactile perception 86
Si/SiO,/silk:CDs/pentacene/Au Opto-electronic ~ —1 EPSC, STP, LTP, PPF — MNIST pattern recognition 87
synapse (UV light)
ITO/gelatin/PBTTT-C14/Cu Photo synaptic -5 EPSC, STP, LTP, PPF 89 Associative learning This work

(white light)

interfacial/bulk traps under optical excitation. The research by
Killgore reported that blue light stimulation results in a higher
bidirectional information flow between the amygdala and
dorsolateral prefrontal cortex, which is associated with an
increase in positive mood. Consequently, exposure to blue light
may enhance cognitive task performance and learning ability.®!
These OFETs mimic the similar behavior as reported by Kill-
gore et al. Fig. 10(b) shows the change in EPSC decay under
stimulation (50 pulses) of different wavelengths of light after
130 s. To effectively demonstrate the effect of light wavelength
on photo memory level and retention behavior, the maximum
EPSC after 50 pulses and EPSC decay after 130 seconds are
plotted against the light wavelength, as shown in Fig. 10(b). In
summary, the OFETs exhibit higher memory ability at stimula-
tion of blue light as compared to light of higher wavelengths
imitating the effect of light on human learning and memory
behavior.

We have compared the presented results with the recently
reported biopolymer dielectric gated synaptic OFETs in Table 3.
Most of the previously reported OFETs are based on either
electrical signal’*®>7% or UV light signal®” as a pre-synaptic
stimulus, as opposed to this investigation is based on white
light as a pre-synaptic stimulus for developing artificial photo
synapses.

4 Conclusion

The gelatin-gated PBTTT-C14-based photo synaptic OFETs are
fabricated and characterized for neuromorphic applications.
The OFETs show Photoresponsivity of 11.10 mA W', a high
Detectivity of 8.55 x 10° Jones, a ratio of photo to dark current
of 654. The basic neurobiological phenomena such as EPSC,
PPF, STP, LTP, learning-forgetting-memorizing, and conversion
of STP to LTP are successfully validated by these photo synaptic
OFETs. Moreover, the ‘OR’ logic operation and associative
learning experience through the emulation of Pavlov’s dog
experiment are demonstrated using these OFETs. More inter-
estingly, human emotion-tuneable and mood-influencing

5190 | Mater. Adv, 2024, 5, 5179-5193

(Pavlov’s dog),
“OR” gate, human
emotion-tunable memory

memory and learning behavior are imitated by the gelatin-
gated PBTTT-C14-based photo synaptic OFETs. The low energy
consumption of ~89 nJ per optical event makes these OFETSs
suitable for artificial intelligence-related applications. The
gelatin-gated PBTTT-C14-based OFET exhibits encouraging
characteristics which establishes it as a potential primitive
element for developing artificial neural networks.
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