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Flexible Carbon Nanotube Synaptic Transistor
for Neurological Electronic Skin Applications
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ABSTRACT: There is an increasing interest in the develop-
ment of memristive or artificial synaptic devices that emulate
the neuronal activities for neuromorphic computing applica-
tions. While there have already been many reports on artificial
synaptic transistors implemented on rigid substrates, the use of
flexible devices could potentially enable an even broader range
of applications. In this paper, we report artificial synaptic thin-
film transistors built on an ultrathin flexible substrate using
high carrier mobility semiconducting single-wall carbon nano-
tubes. The synaptic characteristics of the flexible synaptic
transistor including long-term/short-term plasticity, spike-
amplitude-dependent plasticity, spike-width-dependent plasticity, paired-pulse facilitation, and spike-time-dependent plasticity
have all been systematically characterized. Furthermore, we have demonstrated a flexible neurological electronic skin and its
peripheral nerve with a flexible ferroelectret nanogenerator (FENG) serving as the sensory mechanoreceptor that generates
action potentials to be processed and transmitted by the artificial synapse. In such neurological electronic skin, the flexible
FENG sensor converts the tactile input (magnitude and frequency of force) into presynaptic action potential pulses, which are
then passed to the gate of the synaptic transistor to induce change in its postsynaptic current, mimicking the modulation of
synaptic weight in a biological synapse. Our neurological electronic skin closely imitates the behavior of actual human skin,
and it allows for instantaneous detection of force stimuli and offers biological synapse-like behavior to relay the stimulus
signals to the next stage. The flexible sensory skin could potentially be used to interface with skeletal muscle fibers for
applications in neuroprosthetic devices.
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s the largest organ of the human body and the

foundation of human physical interaction with the

world, skin, with its complex tactile and thermal
sensory capabilities, has intrigued and inspired enormous
research efforts to mimic or even augment its functions.
Artificial electronic skin (E-skin),'”* which was initially
implemented primarily as a network of soft pressure sensors
for spatial and temporal mapping of tactile information,®™” has
recently been reinforced with a variety of additional sensing
modalities and human-interactive functionalities, such as
visualizable pressure detection,® in situ sweat analysis,” and
haptic skin interfaces for virtual reality/augmented reality
applications.'® Previous studies of E-skin mainly utilize passive
pressure-sensitive components such as resistive or capacitive
pressure sensors to achieve physical—electrical signal trans-
duction through their conductance or capacitance
change.s’”’12 In contrast, the signal transduction mechanism
is more “active” in a biological skin system as sensory receptors
embedded across the skin would directly transduce the
physical contact into information-encoded, pulse-based elec-

© 2020 American Chemical Society

7 ACS Publications

trical signals. On the other hand, neuronal functions (i.., the
conveyance and transmission of such signals to the central
nervous system (CNS) such as the brain and spinal cord) have
not been explored in E-skin systems as extensively.

Signal communication between a sensory afferent neuron
and a neuron in the CNS is enabled through a junction
structure called a synapse. The strength of the synapse
(synaptic weight) can be adjusted in response to the action
potentials from sensory neurons, which is a crucial property
that has been proven to be the foundation of mammal memory
formation"” and learning ability."* The modulation of synaptic
weight can be emulated in electronic devices by modulating
the channel conductance of two-terminal memristors or three-
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Figure 1. (a) Schematic illustration of biological skin, its peripheral nerve and synapse (upper part), in comparison with its artificial
electrical counterpart (lower part). The schematic illustration is partially created with BioRender.com. (b) Optical photograph showing a
sample of flexible carbon nanotube synaptic transistors. Inset: Optical micrograph of an individual synaptic transistor. (c) Double sweep
transfer curves of the synaptic transistor showing the hysteresis under different Vs sweeping ranges measured with [Vj,gl = 1.0 V. (d) Energy
band diagrams illustrating the origin of hysteresis induced by interface trap states under positive and negative gate biases in a sSSWCNT

synaptic transistor.

terminal artificial synaptic transistors."> As the action potential
can be emulated by voltage pulse, the induced conductance
change is usually presented in the form of a change in channel
current, which is usually called postsynaptic current (PSC) in
synaptic devices. Thanks to the recent development in flexible
neuromorphic electronic materials and device technologies, it
is now possible to achieve synaptic devices in flexible'®'” or
even stretchable forms'®'” that can be compatible with soft
and curved human skin or internal organs. Among the various
neuromorphic electronic materials that have been studied, a
one-dimensional (1D) semiconducting single-wall carbon
nanotube (sSWCNT) offers an outstanding combination of
mechanical robustness,””*' large on/off ratio, and high carrier
mobility.”>** Owing to its 1D geometry and small physical
size, the conductance of the sSSWCNT is demonstrated to be
highly sensitive to charged interface trap states,”* allowing the
sSWCNT-based artificial synaptic transistors to exhibit a broad
conductance modulation range.”” Interest and intrigue toward
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the sSSWCNT in neuromorphic devices have been further
expanded due to its established outstanding scalability and
mechanical flexibility.”*™*® Wafer-scale aligned sSWCNT
synaptic transistor arrays demonstrate exceptional device
uniformity and repeatabilty,” whereas flexible sSWCNT
synaptic transistors with extraordinary bendability on various
flexible substrates’”’’ show a huge potential in wearable
electronic applications.

In this study, we report a biomimetic electronic sensory skin
by utilizing a flexible high-performance sSWCNT synaptic
thin-film transistor to imitate the chemical synapse between a
peripheral nerve and the CNS and thin-film ferroelectret
nanogenerator (FENG) to imitate the mechanoreceptor and
peripheral nerve itself for transducing and relaying the force
stimulus information to the synapse. The illustration of the
electronic system and the analogy to its biological counterpart
is shown in Figure la. We have systematically studied the
synaptic characteristics including long-term/short-term plasti-
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city (LTP/STP), spike-amplitude-dependent plasticity, spike-
width-dependent plasticity, paired-pulse facilitation (PPF) and
frequency filtering characteristics, analogue-synaptic weight-
switching behavior with bending and cyclic tests, spike-time-
dependent plasticity in the flexible sSSWCNT synaptic
transistor. The output characteristics of FENG in response
to external force stimuli have also been studied. In the reported
artificial sensory skin, the FENG sensor converts the tactile
information (the force amplitude and frequency) of the
physical contact into presynaptic action potential pulses, which
are then passed to the gate of the synaptic transistor to render
changes in drain current (PSC), mimicking the modulation of
synaptic weight in a biological synapse. Such an operation of
the synaptic transistor and its ability to maintain the change in
conductance states allow the device to process the electrical
signals from the sensor and generate history-dependent output
that reflects not only the amplitude but also the sequence and
frequency of the force stimuli. Our artificial sensory skin allows
instantaneous sensing of force stimuli with biological synapse-
like transmission, processing and memory of the stimulus
signals. With the artificial synaptic transistor potentially
interfacing with a motor or actuator unit, the sensory skin
could have the potential for controlling skeletal muscle fibers
or have applications in neuroprosthetic devices.

RESULTS AND DISCUSSION

Figure 1b shows a representative image of arrays of thin-film
sSWCNT synaptic transistors fabricated on a flexible
polyimide (PI) substrate being wrapped on a glass cylinder.
The inset is an optical micrograph of an individual transistor
with a channel length of L = 10 ym and a channel width of W
= 100 pum. The transistor consists of Ti/Au back-gate
electrode, Al,0,/SiO, dielectric layer, a solution-processed
sSWCNT active channel, and Ti/Pd source and drain
electrodes. The microfabrication processes are described in
the Methods section in detail. The transfer characteristics
(family of Ig—Vgg curves) and output characteristics (family
of Ins—Vpg curves) of the transistor are shown in Figure 1c and
Supporting Information Figure S1, respectively. The output
curves exhibit good saturation at different Vg values from +4
to —4 V. From the transfer curve measured with Vpg = -1V
and Vg sweeps from —4 to +4 V shown in Figure Ic, the
device current on/off ratio (I_,/I ) is 320 and the field-effect
mobility is calculated to be 22.0 cm® V™' s using the equation
p = (L-gn)/ (W-Cq-Vpg), where Vg = =1V, g, is the peak
transconductance and Cg is the unit-area gate capacitance from
our previous work.”" Large I.,/I & and high carrier mobility
will ensure a large range for channel conductance change and
thus good synaptic weight modulation,” which will be
discussed later in the article. The high mobility of the
sSWCNT thin-film transistors (TFTs) may also be beneficial
in other neuromorphic applications, such as serving as logic
circuits for a conventional memristor.*”

Although the ideal CNT does not have surface dangling
bonds, interface trap states still exist between the CNT and the
oxide dielectric layer in a CNT transistor.””** Figure 1d shows
the energy band diagrams, illustrating the oxide/CNT interface
states. When a negative gate bias is applied, the energy band of
the CNT at the oxide/CNT interface and the interface states
bend upward, while the Fermi level (Eg) of the CNT remains
flat. In this scenario, more interface donor states become
empty and positively charged, causing a negative shift of the
corresponding Ins—Vs curve and the threshold voltage (V).

Similarly, when a positive gate bias is applied, the CNT energy
band and interface states bend downward, causing more
acceptor interface states to be filled and thus negatively
charged, which leads to a positive shift of the Ing—Vgg curve
and V. A nonlinear, hysteretic behavior of V from
bidirectional Vgg sweeps (Vg sweeping from negative to
positive values, and vice versa) is observed. It is worth noting
that the width of the hysteresis curve is directly associated with
the range of V5 sweeping. The value of hysteresis is generally
defined as the difference between Vg at average Ipg, that is,
(Ipsmax + Ipswvin)/2 from backward and forward sweeping
curves. As shown in Figure 1c, when Vg is swept from —4 to
+4 V, a hysteresis of 1.44 V is observed. In contrast, if the
sweeping range of Vg is reduced to —0.5 to +0.5 V, the Ips—
Vs curve only exhibits negligible hysteresis. This phenomenon
can be explained by the fact that greater Vg biases result in
more significant band bending in semiconductors, which allows
a wider range of interface states to be charged and discharged.
This increases the net interface charge density at the oxide/
CNT interface, causing more significant shift in Vy and thus
larger hysteresis.

In most logic circuit applications, hysteretic behavior in
transistors is considered unfavorable and deemed to be
eliminated.> However, hysteresis is also a distinctive property
that enables memory, which could be harnessed and
engineered for neuromorphic computing applications to
mimic the behavior of the biological synapse in the human
brain. In the human nervous system, a synapse is a gap-
junction structure that enables the signal transmission between
one neuron cell (presynaptic cell) to another neuron cell or an
effector cell (postsynaptic cell) which can actively respond to a
stimulus. How strongly the pre- and postsynaptic cells are
correlated and can exert influence over each other is evaluated
by the weight of the synapse, which can evolve over time and
adjust to neuron activities. The adaptation of synaptic weight
to the neuron stimulus (usually in the form of action potential)
is known as synaptic plasticity. Based on how synaptic
plasticity changes in response to different presynaptic action
potentials, the synaptic weight can either be increased for an
improved signal transmission between two cells through the
synapse, decreased for a suppressed signal transmission, or
simply remain unchanged. The aforementioned three basic
synaptic plasticities are named potentiation, depression, and
elasticity, respectively, and can all be imitated using the
sSWCNT artificial synaptic transistors with hysteresis caused
by interface states.

In a synaptic transistor, the gate terminal is used to imitate
the presynaptic neuron, whereas the drain terminal is used to
imitate the postsynaptic neuron. The synaptic weight is
represented by Ipg, which is named postsynaptic current
(PSC) in the synaptic transistor context. As explained
previously, a negative gate bias will cause a negative shift of
the Ing—Vig curve while a positive bias will cause a positive
one. When the gate bias is applied in the form of a pulse, the
PSC in a synaptic transistor can be modified effectively. For
example, a positive gate pulse with sufficient amplitude will
result in an immediate increase in PSC (potentiation), whereas
a negative gate pulse with sufficient amplitude will induce an
immediate drop in PSC (depression). If the amplitude of gate
bias is too small to generate noticeable hysteresis, the PSC is
likely to remain constant. The amplitude of the action
potential that leads to potentiation, depression, or elasticity
may have slight variations among different devices, depending
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Figure 2. (a) Instantaneous PSC (normalized) before and after presynaptic pulse excitation showing potentiation (V. = +4 V), depression
(Vpre = —4V), and elasticity (Vl,re = +0.5 V). (b) Spike-amplitude dependence of LTP and STP. (c) PSC responses of synaptic transistor with
Vore (+4 V) of different pulse widths ranging from 1 ms to 1 s. (d) Spike-width dependence of LTP and STP. All measurements are

conducted at [Vl = 1.0 V.

on the hysteresis curves of each individual transistor. Figure 2a
shows the PSC response of the sSSWCNT synaptic transistor to
three representative presynaptic square wave action potentials
(Vpre) with different amplitude of +4, +0.5, and —4 V, all with
the same pulse width of 10 ms and baseline of 0 V. The [Vl is
fixed at 1 V during the measurement. The baseline value of the
PSC is defined as the average PSC value between S and 15 s
before the arrival of the V., and the PSC data are normalized
with respect to this baseline value. Upon arrival of the action
potential, V.. = +4 V yields a large increase in PSC, which can
be interpreted as potentiation of the synaptic weight; V.. = —4
V yields a large decrease in PSC corresponding to depression,
and V. = +0.5 V gives elasticity with negligible change in
PSC.

For synaptic weight modulation, aside from being stimulus-
dependent, the time dependence is also crucial as human
memory is believed to be the outcome of two types of
temporal synaptic plasticity: short-term plasticity and long-
term plasticity.”® The STP has a time scale on the order of
milliseconds to seconds, whereas the LTP is more long-lived
and could last for minutes, hours, or even days. In our study,
the STP is defined as the amount of percentage change in PSC
(APSC) after 1 s of the stimulation of V,,, and LTP is defined
as the average APSC between 30 and S50 s after the
stimulation. The spike-amplitude-dependent STP and LTP
are plotted in Figure 2b as a function of the amplitude of V.,
and the results can be well fitted with exponential function in

V.l

the form of APSC = FA, exp( UL ) + wy, where V,

. ore 18 the

amplitude of the action potential, V}, is associated with the

activation energy of the interface trap states and the “F” sign
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indicates the type of plasticity.”” The value of V, determines
how large the amplitude of V,,. needs to be to reach certain
amount of STP/LTP. From the device structure point of view,
V, indicates how easily the interface donor/acceptor states can
be charged. The smaller the value of V, the easier the synaptic
transistor can be excited by V., thus larger PSC change can be
induced. For potentiation and depression, APSC is positive
and negative and the corresponding PSC is called excitatory
PSC (EPSC) and inhibitory PSC (IPSC), respectively. The
fitting equations of LTP and STP by potentiating V. and
depressing V. are listed in Table SI in the Supporting
Information. It is believed that the amount of synaptic vesicles
being activated and fusing with a presynaptic membrane to
release a neurotransmitter depends on the amplitude of action
potential.’” In other words, the nature of biological synaptic
weight modulation due to the quantitative change of released
neurotransmitters is well-represented by the APSC as a result
of different magnitude of V. in the sSWCNT artificial
synaptic transistor. To obtain a more comprehensive under-
standing of how a single action potential can affect the synaptic
response of the transistor, action potentials with the same
amplitude but different pulse widths are also applied to excite
the transistor, and the corresponding PSC responses are
measured. Figure 2¢ shows the PSC responses of a synaptic
transistor with V. (+4 V) of various pulse widths ranging
from 1 ms to 1 s. The spike-width dependences of STP and
LTP are plotted in Figure 2d. Results in Figure 2c,d suggest a
monotonic increase of synaptic response with the increased
spike width, which can be attributed to the increased number
of charged interface states due to the extended charging time.
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Figure 3. Short-term facilitation characteristics of the sSSWCNT synaptic transistor. (a) Paired-pulse facilitation measurements showing
EPSC change triggered by two consecutive pulses with a spike interval At of 75 ms. Al and A2 are the height of the peaks in EPSC upon the
arrival of the first pulse and the second pulse, respectively. (b) PPF index (defined as A2/A1 X 100%) plotted as a function of different spike
intervals. (c) EPSC change triggered by a train of 10 pulses with a frequency of S Hz. A1 and A10 are the height of the peaks in EPSC upon
the arrival of the first pulse and the last pulse, respectively. (d) Amplitude gain (defined as A10/A1 X 100%) plotted as a function of pulse
train frequency showing the high-pass filtering characteristics of the synaptic transistor. All the measurements are conducted at [Vpgl = 1.0 V.

From transistor structure and fabrication point of view,
device geometry (e.g, channel length L), type of dielectric
material being deposited, deposition techniques of the
dielectric layer, and the surface treatments of the dielectric
layer can all affect the density and distribution of interface trap
states, thus affecting the synaptic response of the transistor to
Viree In order to understand the uniformity of the synaptic
response, hysteresis curves and PSC curves of multiple devices
are measured, and the results are shown in Supporting
Information Figure S2. The synaptic transistors exhibit fairly
uniform synaptic responses to the same V., suggesting a good
controllability over the interface trap states among different
devices during the device fabrication processes. The variation
of the synaptic behaviors can be attributed to the variation in
hysteresis behaviors among transistors.

The synaptic behavior is further characterized by user-
dependent synaptic plasticity—the change of synaptic weight
with regards to the activation history at that synapse. For short-
term plasticity, facilitation is one of the most common forms
and plays an important role in synaptic computing and
information processing.”®”’ Among the various facilitation
forms, PPF is studied by applying a pair of stimuli to the
presynapse neuron and monitoring the fractional change of a
second response of the synaptic weight to the first one. The
magnitude of this fractional change was demonstrated to be a
function of the interval between the two action potentials.*’ In
our sSSWCNT synaptic transistor, the pair of stimuli are
emulated by two consecutive presynaptic spikes to the gate of
the transistor with an amplitude of +4 V, a width of 10 ms, and
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a period of 85 ms (ie, duty cycle of 11.76%). The “spike
interval” At is defined as the time difference between the
falling edge of the first spike and the rising edge of the second
spike. For the aforementioned spike pair, a At of 75 ms is
obtained and shown along with the spike pair in the upper
panel of Figure 3a. It is noted that, for two consecutive pulses
(Al and A2, shown in bottom panel of Figure 3a), the EPSC
response is higher for the second peak (A2). This behavior was
repeatedly observed in multiple experiments and shows how
past pulses can be used to increase future EPSC responses,
which is indicative of memory behavior. Defined as the
percentage of the amplitude of a second spike to the first spike
in EPSC, the PPF index is used to evaluate the PPF effect and
can vary as the At of the presynaptic spikes varies. Figure 3b
shows the PPF index plotted as a function of At, and the plot
yields a double exponential curve as the At increases from 35
to 1000 ms, indicating that the PPF behavior is characterized
by two phases with different relaxation time constants. The
obtained data can be fitted well by the equation PPF index =
C, exp(—=At/1)) + C, exp(—At/7,) + Cp,'® where C; and C,
are the maximum amounts of each facilitation phases and 7,
and 7, are the time constants of the relaxation in each phase.
The time constants 7, and 7, determine how fast the PPF index
decays with the increase of spike interval At. The larger the
value of 7; and 7,, the slower the decay of PPF index would be.
From the device structure point of view, 7; and 7, are also
associated with the oxide/semiconductor interface trap states
as they indicate how long the charges can retain in these trap
states. Detailed fitting equation can be found in Table S1 in the
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Figure 4. Synaptic weight modulation behavior and bending and cyclic tests of synaptic transistor. (a) Synaptic weight modulation curves of
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Result shows a typical anti-Hebbian STDP behavior.

Supporting Information. Compared with biological synapse
with 7, &~ 50 ms and 7, & 300 ms,"" our artificial sSSWCNT
synaptic transistor resembles its biological counterpart with
similar PPF behavior.

The facilitation behavior of STP was studied further beyond
PPF in information processing function of a synapse. For
example, when an animal travels through different locations in
a particular environment, certain regions in its hippocampus
would fire sequences of spike discharges to the synapses to be
processed.”” The frequency of this train of spikes, usually
containing spatial information, can vary and induce different
animal behaviors, indicating filtering characteristics of the
synapse. In our study, a train of spikes comprising 10 pulses
with a width of 1 ms, an amplitude of +4 V, and frequencies
ranging from S to 100 Hz are applied to the artificial synaptic
transistor (Figure 3c). The EPSC yields a peak once a pulse
from the train arrives, and the amplitude gain of the EPSC is
defined as the ratio of the height of the peak after the tenth
pulse (A10) and the height of the peak after the first pulse
(A1), expressed as A10/Al. Figure 3d shows the gain of EPSC
plotted as a function of the spike train frequency, and the result
shows that the amplitude gain increases from 3.3 to 12.5 as the
frequency increases from 5 to 100 Hz, suggesting the high-pass
filtering behavior of our artificial synaptic transistor. This result
is in good accordance with simulations reported in the
literature showing elevated synaptic strength (weight) with
increasing stimulus frequency. ?

The ability of the synapse to gradually modulate its synaptic
weight by periodic spikes from presynaptic neurons can be

10407

emulated by the channel conductance-switching behavior of
the artificial synaptic transistor, where the conductance of the
channel can be discretely adjusted by the ?resynaptic pulses
and thus exhibit different analogue states.”>”” With [Vpgl fixed
at 1 V, the value of the channel conductance, G = I/ Vpy, is
equal to PSC, thus the modulation of the conductance could
be represented by the EPSC and IPSC change. The
potentiation and depression conductance modulation tests
are carried out by applying a train of 140 presynaptic spikes
with a pulse width of 10 ms, a pulse period of 1 s, and a pulse
amplitude of +4 V for potentiation or —4 V for depression.
Because of the outstanding mechanical robustness of sSSWCNT
and the very thin (~10 pum) polyimide substrate used, the
sSWCNT synaptic transistors are expected to exhibit good
flexibility, and thus bendability and endurance of the synaptic
transistors are also examined in this measurement. Figure 4a
shows the potentiation and depression conductance modu-
lations under different bending conditions. In a relaxed state,
the range of the total potentiation conductance modulation
after 140 pulses is measured to be 98.9%

(EPSCmax — EPSCmin

X 100%]
EPSCmin

and total depression conductance modulation is measured to
be —80.3%

(_ IPSCmax — IPSCmin

X 100%)
IPSCmin
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Figure 6. Artificial electronic sensory skin with the mechanoreceptor implemented by a FENG and its peripheral nerve implemented by a
sSWCNT synaptic transistor. (a) Photograph of a 1.2 X 1.2 cm” flexible FENG film. Left: Pristine PPFE film. Right: Complete FENG device
with sputtered silver electrodes and PI encapsulation. (b) Schematic of FENG and the regulating circuit. (c) Photograph of the actual
regulating circuit (major components marked in numbers with respect to circuit diagram in (b)) and the mechanical loading test setup. (d)
Output signal Voyr with and without half-wave rectification. (e) Rectified output signal Voyr under different loading forces. (f)
Instantaneous PSC change (normalized) of a synaptic transistor under different loading forces. (g) Synaptic weight modulation curves
measured with periodical loading forces of 41.3 or 14.2 N at a frequency of 0.67 Hz. Solid lines: Peak values of EPSC or IPSC. Background:
Measured raw EPSC and IPSC data. All synaptic behavior measurements are conducted at [Vl = 1.0 V.

The inset images in Figure 4a reveal the detailed view of the
conductance tuning by 20 applied pulses with each small “step”
of the postsynaptic current (the value of EPSC or IPSC 1 s
after the arrival of a pulse), representing a discrete analogue
channel conductance state. Compared with traditional cross-
bar-structured memristor with limited dynamic range of
conductance modulation,™ the large tuning range of channel
conductance of our synaptic transistor could enhance the
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efficiency of neuromorphic computing when the device is
implemented in the artificial neural system.”>*° For the
flexibility tests, the modulation curves of the device in Figure
4a exhibit only slight variations under potentiation and
negligible changes under depression when the sample is bent
down to a curvature radii of 7.5 mm and 3.5 mm, respectively.
The modulation curves exhibit similar behavior under cyclic
bending tests when the sample is repeatedly bent to a
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curvature radius of 3.5 mm for up to 1000 cycles, as shown in
Figure 4b. The results demonstrate the outstanding mechanical
flexibility and robustness of the sSSWCNT synaptic transistor
and thus capacitate the device for applications in soft wearable
electronic systems.

In a biological synapse, the synaptic weight responds not
only to the action potential from a presynaptic neuron but also
to the reflected postsynaptic action potential when the signal is
passing through the axon of the postsynaptic neuron.** When
the time correlation of pre- and postsynaptic spikes follows
certain learning rules, a specific long-term plasticity known as
spike-timing-dependent plasticity (STDP) arises and is
regarded as a fundamental process to understand the
activity-dependent development in the human brain."” In
Figure 5a, the postsynaptic spike is emulated by a ramped wave
with a period of 190 ms being applied to the drain terminal of
the synaptic transistor. The postsynaptic spike starts at a
baseline of +1 V, linearly ramping up to +2 V in 90 ms,
decreasing to 0 V in 10 ms, and ramping up again to the
baseline of +1 V in 90 ms. The presynaptic spikes are two 10
ms square waves adjacent to each other and with opposite
polarities (amplitude = +4 V for the first square wave and —4 V
for the second square wave). As shown in Figure Sa, the
timeline midpoint of the pre- and postsynaptic spike is defined
as t,,, and £,., and the spike time difference, Aty .o = tpre —
toos 15 used as an indicator of the arrival time sequence of pre-
and postsynaptic spikes. A negative Afy. . indicates the
arrival of presynaptic spike precedes the postsynaptic spike,
and a positive At . indicates the arrival of a presynaptic
spike succeeds the postsynaptic spike. The parameter {, which
is defined as the LTP value of the synaptic transistor after the
activation by both the pre- and postsynaptic spikes, is adapted
to characterize the STDP behavior of the device. Figure Sb
shows the data of { plotted as a function of At o the results
indicate that positive Af,. generates potentiation in the
synaptic transistor, whereas negative Al‘Pre_Past generates
depression. For both potentiation and depression, when the
arrival time of the pre- and postsynaptic spike are more
correlated (i.e, smaller absolute value of Atpre_Post), greater
change in synaptic weight is observed. The measured STDP
data can also be fitted with exponential functions, and the time
constants are extracted to be 6.22 ms for potentiation and 26.8
ms for depression (see Table S1 in the Supporting Information
for detailed fitting equations). The results exhibit a typical anti-
Hebbian STDP form' and may be utilized in neuromorphic
networks for learning and pattern recognition.”

In the human nervous system, the tactile information is
picked up by the mechanoreceptors that reside in human skin
and passed through the axon of its peripheral nerve in the form
of action potential. The action potential containing the
information is relayed to the CNS, which then signals other
neuron cells or body parts to execute appropriate responses.
Flexible tactile transducers such as triboelectric nanogener-
ator® or ferroelectret nanogenerator*® can be readily used to
convert external force stimulus to a pulsed electrical signal
without the need for a power supply, and they exhibit
behaviors that closely resemble skin mechanoreceptors. In this
study, a flexible polypropylene-based FENG device reported in
our previous work is used as the tactile transducer due to its
high efficiency and biocompatibility, as shown in Figure 6a.*” A
mechanical input (displacement, force, pressure) generates
dipole moments across polypropylene’s thickness, creating an
electric field that is compensated by the accumulation of

charge of opposite polarities at both surfaces of the material.
This charge can be collected through thin metal film contacts
on the polymer surface, resulting in a small electrical current
that is proportional to the rate of change in the applied
mechanical input, and flows in opposite directions depending
on the direction of the input cycle (eg, compression/
relaxation). This unregulated electrical output pulse from the
FENG needs to be regulated using the rectifying and
amplifying circuits illustrated in Figure Sb. In brief, the pulsed
current signal from FENG is first rectified by a p—n junction
diode, which serves as a half-wave rectifier to remove the
negative component. The rectified current signal will
subsequently charge the capacitor in a RC circuit, creating
an initial voltage V, across that capacitor. Following the zero-
input response equation of a first-order RC circuit, the
responsive voltage across the capacitor can be written as v(t) =
Vo X exp(—t/7r), t > 0, which decays exponentially with time
constant 7 = R;C;. When the discharged capacitor is
recharged by subsequent current pulses, v(t) will increase
exponentially to V;, with the same 7. In this study a 71 of 30
ms is set, producing a theoretical rise/fall time of 66 ms (2.2
7r) of the voltage pulse. It is worth noting that while the rise
and fall time of the voltage pulse are mainly controlled by 7,
the period and duty cycle of that pulse are primarily controlled
by the period of the applied force to the FENG. The pulsed
voltage signal from RC circuit is then sent to the positive input
terminal (V") of an instrumentation amplifier (TI INA118)
and the output of which is amplified as Voyr = G(Viy" —
Vin~), where G is the voltage gain and G = (50 kQ/Rg) + 1.
The Rg value in the present work of 10 k€ results in a
theoretical voltage gain of 6. The amplified pulsed voltage
output (Voyur) from the amplifier is then sent to the gate
terminal of the sSSWCNT synaptic transistor as the presynaptic
action potential. This signal processing circuit avoids the
impedance mismatch between the FENG and synaptic
transistor and allows the tuning of the action potential pulse
through altering the period of loading force, time constant of
RC circuit, and gain of the amplifier. In Figure Sc, the actual
implementation of a rectifying and amplifying circuit is
displayed on the left side, and the mechanical loading test
setup used for generating pulses in the FENG device is shown
on the right side. The loading force is exerted by a rubber
piston with a contact area of 1.2 X 1.2 cm® mounted on a
horizontal-moving linear motor (Legato 110 syringe pump, kd
Scientific), and a Pl-encapsulated FENG device (1.2 X 1.2
cm?, same area as piston head) is mounted on the stationary
scaffold with a commercial force sensor (FSRO1CE, Ohmite)
placed behind the nanogenerator to precisely monitor the
magnitude and frequency of the applied forces by the motor.
During the measurement, the rubber piston is carefully aligned
with the thin-film FENG and pushed toward the device with
preset moving distance. Both the Vyyr and the force sensor
resistance are measured by a semiconductor device analyzer
(Keysight B1500A). The detailed force measurement in-
formation can be found in Figure S3 in the Supporting
Information. Figure Sd shows the Vo signal with and without
the rectification, and the rectified Vgyp signal will be
subsequently used as presynaptic action potential pulse for
the synaptic transistor. The data show that a train of rectified
positive pulses with an average amplitude of 2.2 V, a period of
1.68 s, and a duty cycle of 56.5% is generated with a loading
force of 18.2 N and a frequency of 0.67 Hz. Additionally, the
amplitude of Voyp increases monotonically with increasing
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loading force, as shown in Figure Se. The average amplitude of
the signal increases from 2.2 to 4.0 V as the applied force
increases from 18.2 to 46.1 N with the same frequency. A small
negative voltage drift (~150 mV) of the Vgyr signal is
observed due to the input offset voltage of the instrumentation
amplifier (driven by dual voltage supply of —15 and +15 V).
This voltage drift can potentially be reduced using a high-
quality amplifier with better precision in our future study. It is
also worth mentioning that the polarity of the pulse can be
readily inverted by interchanging the input terminals from Vy*
to Vi~ in the amplifier, which allows both potentiation and
depression to be achieved in the synaptic transistor.

Finally, the integration of the flexible FENG device with a
flexible sSSWCNT synaptic transistor to emulate the behavior
of a neurological electronic skin is demonstrated. Figure 5f
shows the instantaneous synaptic weight modulation of the
artificial synaptic transistor by the force-encoded presynaptic
action potentials. For short-term potentiation and depression,
the synaptic weight changes under a force stimulus of 18.7 or
652 N are +8.44 or +32.62% and —25.15 or —41.17%,
respectively. Similarly, for long-term potentiation and
depression, the synaptic weight changes under force stimulus
of 18.7 or 652 N are +6.07 or +26.05% and —22.60 or
—32.10%, respectively. The data are normalized to the baseline
PSC, which is defined as the average PSC from 0 to 5 s. The
results above show that an increased magnitude of the force
stimulus perceived by FENG is transduced into greater change
in PSC and thus greater modification of synaptic weight. The
history-dependent, discrete modulation of synaptic weight
under continuous stimulation has also been studied, and the
results are presented in Figure Sg. Trains of 100 potentiating
and depressing action potential pulses with a frequency of 0.67
Hz are generated by stimulating the FENG with forces of 41.2
or 142 N and relayed to the synaptic transistor to be
processed. In Figure Sg, the peak values of PSC change to each
potentiation or depression pulse are sorted out and connected
by a solid line to show the trend of synaptic weight
modification, with the real-time actual responses of PSC also
shown in the background. The synaptic weight responses of
the transistor show gradual analogue modulation of the
synaptic weight similar to what is shown in Figure 4. After
100 action potential spikes from the FENG, a total synaptic
weight modification of +118.9 or +56.5% for potentiation at
41.3(+12) or 14.2(+£0.6) N and —72.1 or —44.3% for
depression at 41.3(+£1.2) or 14.2(+£0.6) N can be observed.
The variation in the loading force is due to the slight
movement of the supporting scaffold during the continuous
measurement. Successfully reproducing analogue-like synaptic
weight modulation with force-encoded information further
demonstrates the feasibility of interfacing a FENG-driven
circuit with a sSWCNT synaptic transistor as a sensory
electronic skin and nerve. This is a step toward the use of
flexible electronic devices for neuroprosthetics applications.

CONCLUSION

In summary, we have demonstrated a biomimicking sensory
electronic skin system whose neurological function of bio-
logical synapse is realized by a flexible sSSWCNT artificial
synaptic transistor. Temporal synaptic behaviors such as STP
and LTP have been demonstrated with potentiating,
depressing, or elastic action potentials at different amplitudes,
widths, and polarities. Short-term and history-dependent
nature of the synaptic transistor is elaborated by PPF, high-

pass filtering characteristics, and synaptic weight modulation
behavior, whereas long-term learning and memory ability of
the transistor is represented by the STDP. The sensory
function of the electronic skin is achieved using a FENG as the
sensor, which directly generates pulsed electrical signals or
action potentials in response to force stimulus. By integrating a
synaptic transistor with the sensory component of the
electronic skin, tactile information containing the magnitude
and activating history of the force stimuli is successfully
transduced and relayed to the presynaptic terminal of the
synaptic transistor and then processed and transmitted in the
form of change in synaptic weight. By interfacing with motor
units of animal or human bodies in the future, our sensory
electronic skin can have the potential of facilitating the
advancement of wearable neuromorphic applications such as
an artificial nerve system or smart medical prosthetics.

METHODS

Fabrication of a Flexible Carbon Nanotube Synaptic
Transistor. Polyimide from HD Microsystems is spin-coated (1000
rpm, 30 s; 2000 rpm, 1 min) onto a Si/SiO, wafer and baked on a hot
plate at 300 °C for 10 min to form a uniform PI thin film with a
thickness of around 10 ym. On top of the PI substrate, a Ti/Au (5/30
nm) bottom-gate electrode is formed by photolithography and lift-off,
followed by dielectric layer deposition of AlL,0;/SiO, (20/1S5 nm)
using atomic layer deposition and e-beam evaporation. Before the
CNT channel material deposition, poly-L-lysine solution (0.1% w/v;
Sigma-Aldrich) is used to functionalize the dielectric layer surface to
improve the adhesion of the CNT and thus increase the CNT
network uniformity. After functionalization, the sample is rinsed with
DI water and immersed into the as-purchased sSWCNT solution
(0.01 mg/mL, Nanolntegris Inc.) for 15 min to deposit active channel
material. The sample is then taken out and rinsed with DI water and
isopropyl alcohol, blow-dried by N,, and annealed in a vacuum oven
at 200 °C for 1 h to evaporate the residues. After that, Ti/Pd (0.5/35
nm) source and drain electrodes are formed by photolithography and
e-beam evaporation, and as a final step, the transistor is finalized by
etching away the sSSWCNT outside the source—drain-defined channel
region using oxygen plasma.

Fabrication of a Flexible Ferroelectret Nanogenerator. Two
sides of a purchased PPFE (Emfit Corporation) thin film (80 ym) are
sputter-coated with Ag electrodes of 500 nm (Hummer X, Anatech
Inc.). A sample with an area of 1.2 X 1.2 cm? is prepared, and each
side of the sample is connected to a copper wire via copper tape. The
device is then encapsulated by two polyimide films (20 ym, Kapton)
as protection layers.

Electrical Measurements. All electrical data are measured using
a Keysight BISO0A semiconductor device analyzer. Except for the
pulses that are generated from the FENG in Figure 6, all other pulse
signals are generated by a Keysight 33510B waveform generator.
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