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Abstract

Chitosan is a natural biopolymer and has been widely used for bio- and
medical-materials. In this letter, with protonic acid doping, chitosan-based
biopolysaccharide proton conductors were prepared with high proton conductivity of
6x10~ S/cm at room temperature and were first used for fabricating synaptic
transistors on paper substrates. Based on the movement of protons with pulse voltage
response within the chitosan dielectrics in an coplanar-gate transistor configuration,
the paper synaptic transistors could be successfully used as artificial synapses for
emulating biological synaptic functions. Short-term plasticity behaviors, including
paired-pulse facilitation, dynamic filtering and spatiotemporally correlated signal
processing were mimicked. Our results strongly demonstrate these biopolysaccharide
gating synaptic transistors proposed here are not only important for building cheap
and biological friendly artificial neuron networks, but also are interesting for realizing
intelligent biomaterials.
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Introduction

The synapses are the crucial connective parts between neurons for realizing
functions of information transmission, signal processing, memory and learning in
human brain.'” Synaptic strength or synaptic weight, as a measurement of synapse
efficacy in establishing the connection between pre-synaptic and post-synaptic
neurons, can be precisely adjusted by the concentrations of ionic species (e.g., Ca’’,
Na®, and K7, etc).** The ion excitatory postsynaptic current (Excitatory Postsynaptic
Current, EPSC), as the basic representation of synaptic strength, is a temporary
current caused by the flow of ions into the post-synaptic cell as a result of the
pre-synaptic neuron spike.6'7 In order to build for artificial neural network and
intelligent computer, realization of physical device with the functions of a biological

synapse is of great importance.s'11

Previously, silicon complementary
metal-oxide-semiconductor (CMOS) chips have been designed to emulate the brain
behaviors. However, this approach is limited to small systems because it takes at least
seven silicon transistors to build an electronic synapse.'? It is essential to develop a
nanoscale and low power device in order to scale neuromorphic circuits towards the
level of the human brain. These features have prompted the research on two-terminal
memristors or memory devices as the hot candidates in artificial synapses fields for
their analogous structure, function and physics chemical mechanism to biological
synapses."*% For example, short-term plasticity and long-term potentiation have been

mimicked in a single Ag,S memristor."® Most recently, three-terminal electrolyte

gating transistors have been creatively designed as artificial synapses for emulating
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biological synaptic functions.'”" Based on the mobile hydrogen ions within the PEG
polymer dielectrics in a CNT-based transistor configuration, EPSC, dynamic logic,
learning and memory functions of a biological synapse were demonstrated in these
CNT-based synapses.!” These electrolyte gating synaptic transistors greatly enriched
bionic electronic synapses in terms of the limitations of materials and devices. It
provided a new way to realize artificial neural networks and intelligent computer.
Chitosan is a biodegradable, biocompatible, nontoxic, and low-cost polymer,
which shows many interesting properties, such as wound healing, antibacterial activity,
and binding in tissue.® Therefore, chitosan has been widely used for bio- or
medical-materials, such as a tissue engineering material, surgical tape, and artificial
skin.'® Besides, due to its high proton conductivity by acid doping, chitosan has also
attracted much attention as solid electrolyte membrane in fuel cells and low-voltage
thin-film transistors.?**® However, chitosan as bionic synaptic material has been no
reported. Applications of biopolymers in bionic synaptic devices are not only
important for cheap and biological friendly bionic electronics but also interesting for
realizing intelligent biomaterials. Meantime, for fabricating bionic electronics,
substrate materials are of great important. Compared to other flexible substrates ( e.g.
plastic substrates), paper is an intriguing alternative to fulfill low-cost and biological
friendly demand, because it is one of the most abundant materials and a renewable
resource.””? Thus, in this work, chitosan-based biopolysaccharide proton conductors
were used as gate dielectrics for fabricating coplanar-gate synaptic transistors on

paper substrates. Based on the movement of protons by pulse voltage response within
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the chitosan dielectrics in an coplanar-gate transistor configuration, the paper synaptic
transistors here can be successfully used as artificial synapses for mimicking
biological synaptic plasticity behaviors, including paired-pulse facilitation, dynamic
filtering and spatiotemporally correlated signal processing.
Experimental

Paper substrates used for coplanar-gate chitosan gating synaptic transistors were
photo papers for ink-jet printing. The front of the photo paper has a absorbent coating,
while the back is smooth and has no absorbent coating. The synaptic transistors here
were fabricated onto the smooth back of the photo paper. The schematic diagram of
coplanar-gate chitosan gating synaptic transistors on the paper substrate is shown in
Fig.1(a). First, chitosan solution (4 wt% in acetic acid) was directly drop-casted onto a
paper substrate and dried in air to form a film. Then, the patterned indium-zinc-oxide
(IZO) layer films used for source/drain/coplanar gate electrodes (size: 150 pmx1000
pm) were deposited on the chitosan-based proton conductor film with a nickel shadow
mask by radio frequency (RF) magnetron sputtering in a vacuum pressure of 0.5 Pa. A
thin IZO channel can be self-assembled between the IZO source/drain electrodes due
to the diffraction effect.* The channel length is ~80 pm and the channel width is
~1000 pm. Field-emission scanning electron microscope (FESEM, Hitachi S-4800)
was used to analyze the cross-sectional images of chitosan-based proton conductor
films. Solartron 1260 impedance analyzer was used to measure complex impedance of
chitosan-based proton conductor films with sandwich structure (N-type

Si/chitosan-based proton conductor/IZO). Keithley 4200 semiconductor parameter
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analyzer was used to test the electrical characteristics. Both the complex impedance
analysis and electrical characteristics were performed at room temperature in air
ambient at the relative humidity of 70%.
Results and discussion

Fig. 1(b) shows cross-sectional SEM image of the chitosan-based proton
conductor film on a N-type Si substrate. Loose microstructure with nanopores is
observed, which is favor for proton migration.31 The thickness is estimated to be ~6
pm. Inset in Fig. 1(b) is the cross-sectional SEM image of the chitosan-based proton
conductor film on a smooth back of the photo paper. It can be seen the chitosan film is
basically homogenous in the nanoscale range. The chitosan-paper interface is obvious,
indicating the paper doesn’t absorb the chitosan. Fig. 1(c) shows the photo of the bent
[ZO-based synaptic transistor arrays gated by the chitosan-based proton conductor on
a paper substrate, which demonstrates a good flexible characteristic.

As we known, the ionic conductivity of chitosan in natural state is as low as 107

S/em™

though abundant amino and hydroxyl functional groups exist in chitosan.
These groups graft on the polysaccharide framework with strong chemical bonds and
they can not work as the mobile ions. However, when the chitosan is doped by acetic
acid, the protonation process occurs in chitosan molecules.”* As shown in Fig. 2(a),
the proton (H")is dissociated from acetic acid and results free amino group in the
chitosan backbone in protonation (-NH,+HAc«>-NH; +Ac"). At the same time, the

water molecules absorbed in the chitosan chains can form hydrogen-bond sites for the

proton transferring from amino groups to water molecules (-NH;" +H,O« -NH, +
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H3;0").* In order to evaluate the proton conductivity of protonic acid doping chitosan
film, the Cole-Cole plot was characterized in Fig. 2(b). Impedance spectroscopy data
are collected as real (Re Z’) and imaginary (Im Z”’) components of the complex
impedance. The impedance real value (R) of 120 Q is obtained with the impedance
imaginary value equal to zero. The conductivity (c) could be obtained from the

relation below:>*

D
o=—""—
(R—R,)4

where D, A and Ry are the thickness of chitosan-based proton conductor film,
electrode surface area, and the resistance of the electrodes, respectively. The thickness
D is ~6 um, A is ~1.5%x107 cm?, while Ry is measured to be ~30 Q. Therefore, the
conductivity (o) is estimated to be ~6x10~ S/cm, indicating that the chitosan-based
proton conductor film shows high proton conductivity at room temperature. Here, we
should point out the water absorption can create plenty of proton-conducting
hydrogen-bond chains which serve as proton wires for proton transfer to occur, as
shown in Fig. 2(c), protons originated from the protonated amino groups can move
along the hydrated molecule hydrogen-bond network following the Grotthum
mechanism.** Abundant mobile protons are essential for high proton conductivity in
our chitosan-based proton conductor film. By using chitosan-based proton conductors
as gate dielectrics, flexible paper coplanar-gate synaptic transistors were fabricated, as
shown in Fig.1(a). The 1ZO films were at the same time utilized as gate/source/drain
electrodes that all can be deposited through one mask and in one-step self-assembly.

The reasons for choosing IZO as gate/source/drain electrodes are based on the
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following two points: First, [ZO is an amorphous oxide that allows for high mobility
and controllable conductivity, which permits it to be used both as a transparent
semiconductor or conductor, and so to be used both as active and source/drain layers
of TFTs.*® Second, the work function of tungsten probes (semiconductor parameter
analyzer) is ~4.54-4.91 eV and the work function of 1ZO is ~5.1 eV. Therefore the
barrier height is low. The IZO film with high doping concentration (10"/cm’,
measured by hall measurement) is also conductive.*® Thus, good ohmic contact can be
achieved between gate electrodes (IZO) and tungsten probes.

Biological synapses are the functional connections between biological neurons,
Its schematic digram is shown in Fig. 3 (a). In our brain, signal processing, memory
and learning functions are all achieved by modulating the ion flow in neurons and
synapses. The ionic fluxes through the ion channels localized at synapses result in the
movements of neurotransmitters, modulating the synapse efficacy in establishing the
relationship between pre-synaptic neurons and the post-synaptic neurons.’’ The
pre-synaptic neuron spikes would trigger EPSC in biological systems.6'7 Although
two-terminal memristors have been reported to be good candidates for artificial
synapse applications, two-terminal memristors shows similarities to ‘point-to-point’
connected synapses. As an alternative, three-terminal transistors show similarities to
‘point-to-line’ connected dendrite synapses. These kinds of three-terminal devices are
also interesting for artificial synapses. In our case, the coplanar gate electrode and
channel layer could be regarded as pre-synaptic neuron and post-synaptic neuron,

respectively, while the protons within the chitosan films can be used as the
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neurotransmitters and the channel conductance is regarded as the synaptic weight, as
shown in Fig. 3 (b). Proton migration triggered by the pre-synaptic spikes applied on
the IZO gate electrode results in the establishment of the inter-connections between
the pre-synaptic neuron and the post-synaptic neuron. Such process is analogue to the
spike modulated movement of the neurotransmitters in biological synapse, modulating
the synapse efficacy in establishing the relationship between pre-synaptic neurons and
the post-synaptic neurons.

To test the synaptic response of such synaptic transistor, selecting gate pulse
voltage is important. In previous studies, a high gate pulse (>3 V) voltage can easily
trigger electrochemical proton doping process in the [ZO channel layer, which is not
conducive to short-term plasticity behaviors emulation.”® However, much low gate
pulse (<0.5 V) voltage may show a low signal to noise ratio. Therefore, in order to
insure both high signal to noise ratio and low consuming energy dissipation, a
pre-synaptic spike (0.5 V, 10 ms) was applied on the gate electrode, as shown in Fig.
3(c). The post-synaptic current is measured with a constant drain-source bias of 0.6 V.
As shown in Fig. 3(d), the pre-synaptic spike triggers an EPSC above the resting
current (~3.2 nA). EPSC reaches a peak value of ~42.6 nA at the end of the spike, and
gradually decays back to the resting current. Such EPSC behaviors are quite similar to
an EPSC process in a biological excitatory synapse. A simple estimate of energy
consumption can be made by multiplying the reading voltage with the current flowing
across the channel and the programming pulse width. The average energy

consumption to trigger an EPSC is estimated to be ~26 pJ/spike, which is significantly
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lower than the energy consumption by conventional CMOS circuit (~900 pJ/spike)."”
At present, the size of these synaptic transistors fabricated by simple on-shadow-mask
self-assembly method is large. However, it could be scaled down to sub-micrometer
scale by photolithography technology. Such scaling can further reduce the energy
dissipation down to 1.0 plJ/spike and increase the number of unit area. Low energy
dissipation and high density integration is the aim for neuromorphic system
application. In the synaptic transistor proposed here, protons in lateral movement in
chitosan films play an essential role to trigger EPSC. When a pre-synaptic spike is
applied on the gate electrode, positive charged protons are driven laterally towards
and accumulate at the chitosan/gate electrode interface, which attracts free electrons
in the [ZO channel and increases the post-synaptic current through the IZO channel,
as shown in Fig.3(b). After pre-synaptic spike, protons gradually drift back to their
equilibrium positions in chitosan-based proton conductor, therefore, the electron
concentration in the IZO channel and the post-synaptic current decrease.

Paired pulse facilitation (PPF) is a common form of short-term synaptic
plasticity in biological synapses and essential to decode temporal information in
auditory or visual signals. In many systems, a single synaptic activation will facilitate
a subsequent synaptic response. When a pre-synapse receives two spikes in a rapid
succession, the postsynaptic response will commonly be larger for the second than for
the first spike. With the decreasing inter-spike duration time, a greater postsynaptic
response or a higher PPF would be obtained.***® The synaptic transistors proposed

here could also process temporally correlated spikes and generate temporal analog
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logic such as PPF. The PPF in our synaptic transistor is demonstrated by applying two
successive pre-synaptic spikes (0.5 V, 10 ms) with an inter-spike interval, Atye,
ranging between 10 ms and 2000 ms. Fig. 4 (a) shows the EPSC triggered by the
second pre-synaptic spike is larger than the EPSC by the first spike with the
inter-spike duration of 200 ms. The scheme of the EPSCs triggered by a pair of
temporally correlated pre-synaptic spikes in our synaptic transistor is shown in the
inset of Fig.4 (b). PPF index defined as the ratio of the amplitudes between the second
EPSC and the first EPSC is plotted versus Aty., as shown in Figure 4(b). The PPF
index reaches the maximum value of ~180 % at At,.= 10 ms and gradually decreases
with increasing At,.. After the first spike, the protons within chitosan-based proton
conductor would drift back to their equilibrium positions due to the concentration
gradient. If the inter-spike interval is very short, the protons triggered
by the first spike will still partially reside near the 1ZO channel. Thus, the protons
triggered by the second spike are augmented with the residual protons triggered by the
first spike. The longer At,. would induce less residual protons near IZO channel and
result in lower value of A2/A1. Thus, the PPF and the short-term synaptic plasticity
are mimicked in our coplanar-gate chitosan gating synaptic transistors. The results
show that the synaptic transistors here can be well regarded as artificial synapses to
simulate biological synapses with excited stimulation response and short-term
synaptic plasticity.

In brain nervous system, synaptic efficacy can increase (synaptic facilitation) or

decrease (synaptic depression) markedly within milliseconds after the onset of
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specific temporal patterns of activity.41 Due to the short-term synaptic depression or
facilitation, synapses could also act as dynamic filters for information transmission
depending on the signal frequencies.The short-term synaptic depression contributes to
low-pass temporal filtering and the short-term synaptic facilitation contributes to
high-pass temporal filtering.** The above PPF results demonstrated a higher PPF
index value is obtained with the shorter Aty therefore, in our synaptic transistor, a
high-pass filter could be realized. The temporal filtering function was tested by
applying the stimulus train consisted of 10 stimulus spikes (0.5 V, 10 ms) at each
frequency on the coplanar gate. V4=0.5 V is applied to the source and drain
electrodes for EPSCs measurements. Figure 5 (a) shows the EPSC responses of our
device to the stimulus train with different frequencies. For the frequency of the
stimulus train is 1.0 Hz, the peak value of the EPSC keeps at ~36 nA even after 10
spikes.When the frequency of the stimulus train is increased, the peak values of the
measured EPSCs increase obviously. Figure 5 (b) shows the frequency dependent gain
defined as the ratio of the amplitudes between the tenth EPSC (A10) and the first
EPSC (A1l). The gain increases from ~1.0 to ~10.6 when the stimulus frequency
changes from 1.0 Hz to 100 Hz, which indicates that our synaptic transistor can act as
the dynamic high-pass filter for information transmission. It is expected the gain
(A10/A1) increases when the stimulus frequency changes from low frequency to high
frequency. In brain nervous system, short-term synaptic plasticity is widely believed
to play an important role in synaptic computations and information processing. When

the outer stimulus (e.g. visual stimulus or auditory stimulus) interval time is longer,
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the initial memories in the brain could been forgotten, while the stimulus interval time
is shorter, the successive stimulates induce a short-term memory in the brain. In the
synaptic transistor, the gate pulse voltage is as the outer stimulus, the gain (A10/A1)
is as the memory strength and the frequency is as stimulus interval time, therefore, the
gain (memory strength) increases when gate pulse frequency changes from low
frequency (long stimulus interval time) to high frequency (short stimulus interval
time). The high-pass temporal filtering mimicked here is meaningful for
neuromorphic computations and artificial neural network.

The spatiotemporally correlated stimuli from different neurons would trigger a
post-synaptic neuron to establish a dynamic logic. In order to mimicking the
biological spatiotemporal dynamic logic, chitosan gating synaptic transistor with two
coplanar gates is designed, as shown in Fig. 6 (a). Fig. 6 (b) shows the schematic
digram of spatial summation testing. Two pre-synaptic spikes with an inter-spike
interval (Atpreo-pre1) are applied on pre-synapse 1 and pre-synapse 2 respectively, the
two EPSCs will be summed in the post-synapse, which is a dynamic analog function
of time and Atyrer-pre1. The responses of the post-synapse are measured with a constant
Vgs of 0.5 V. Pre-synaptic spike (0.5 V, 20 ms) on pre-synapse 1 will trigger an EPSC
1 and pre-synaptic spike (1.0 V, 20 ms) on pre-synapse 2 will trigger an EPSC 2, as
shown in Fig. 6 (c). Figure 6(d) illustrates the amplitude of the EPSC as a function of
the inter-spike interval Atyezprel. When Atyres pre1=0, the EPSC 1 and EPSC 2 are
triggered simultaneously, therefore the amplitude of the EPSC in the post-synapse

reaches the maximum value. When EPSC 1 from pre-synapse 1 is triggered earlier
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than EPSC 2 from pre-synapse 2 (Atyre2-pre1™0), protons triggered by pre-synaptic
spike 2 will migrate to interface region later than that triggered by pre-synaptic spike
1. Therefore, the amplitude of EPSC at t=0 is equal to the peak amplitude of EPSC
1.When EPSC 1 from pre-synapse 1 is triggered later than EPSC 2 from pre-synapse
2 (Atpre2-pre1<0), the protons triggered by pre-synaptic spike 1 will be augmented with
that triggered by pre-synaptic spike 2. When Atpeo.prer s increased, more and more
protons triggered by pre-synaptic spike 2 will drift back to their equilibrium position.
Thus, the number of protons accumulated at the interface will decrease. Therefore,
EPSC value at At=0 will decrease gradually as a function of Atyrer.pre1. Namely, the
effects of the pre-synaptic spike on pre-synapse 2 are getting less important. Here, it is
worth mentioned that such coplanar-gate synaptic transistors is favor for the
construction for an artificial synapse network with many different pre-synaptic inputs
by simply adding other coplanar gates. Therefore, our coplanar-gate chitosan gating
synaptic transistors are very interesting for the realization of future artificial synapse
network and neuromorphic computing systems. Of course, as the flexible paper
synaptic transistors, measurements of synaptic performance on bent state are
important for their practical flexible applications. The research, including the
influence of bent times or bent angel on synaptic emulations by these paper synaptic
transistors, will be systematically studied in our future works.
Conclusions

In summary, chitosan doped by acetic acid demonstrated high proton

conductivity of 6x10~ S/cm at room temperature and were first used for fabricating
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synaptic transistors on paper substrates with simple coplanar-gate configuration. Base
on the strong proton lateral migration ability with pulse voltage response in the
chitosan-based proton conductor film, the paper synaptic transistors could be
successfully mimicking biological synaptic functions, including excitatory
postsynaptic current, paired-pulse facilitation, dynamic filtering and spatiotemporally
correlated signal processing. Our results strongly demonstrate such biopolysaccharide
gating synaptic transistors are not only important for building cheap and biological
friendly artificial neuron networks, but also are interesting for realizing intelligent
biomaterials.
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Figure captions

Fig.1 (a) The schematic diagram of the coplanar-gate [ZO-based synaptic transistors
gated by chitosan-based proton conductors on paper substrates. (b) Cross-sectional
SEM images of the chitosan-based proton conductor films on a Si substrate. Inset:
cross-sectional SEM images of the chitosan-based proton conductor films on a paper
substrate. (¢) A photo of the bended synaptic transistor arrays on a paper substrate.
Fig. 2 (a) The mechanism of protonation process for chitosan in the acetic acid
solution. (b) Cole-Cole plots of the chitosan-based proton conductor film. (c)
Grotthuss mechanism for proton conduction along the hydrogen bonds formed by
water and polysaccharide polar groups.

Fig. 3 Schematic structure of the coplanar-gate chitosan gating synaptic transistor and
a post-synaptic current triggered by a pre-synaptic spike. (a) A scheme diagram
showing a biological synapse. (b) A schematic diagram showing the synaptic
transistor; (c) A symbol represents EPSC testing in the synaptic transistor (a
pre-synaptic spike applied on the bottom gate triggers an EPSC on the drain). (d)
EPSC triggered by a pre-synaptic spike (0.5 V, 10 ms). EPSC is measured at V4=0.6
V.

Fig. 4 Paired-pulse facilitation. (a) A pair of pre-synaptic spikes and the triggered
EPSC under an inter-spike interval time of 200 ms. Al and A2 represent the
amplitudes of the first and second EPSCs, respectively. (b) PPF index, defined as the
ratio of A2/A1, plotted as a function of inter-spike interval, Aty., between the two

consecutive spikes.
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Fig. 5 Dynamic filter behaviors of the coplanar-gate synaptic transistor. (a) EPSCs
recorded in response to stimulus train with different frequencies (1.0 Hz, 2.0 Hz, 5 Hz,
10 Hz, 20 Hz, 50Hz and 100 Hz). The stimulus train at each frequency is consisted of
10 stimulus spikes (0.5 V, 10 ms). (b) EPSCs amplitude gain (A10/A1) plotted as a
function of pre-synaptic spike frequency.

Fig. 6 Spatial summation of the artificial synapse. (a) A scheme of dual coplanar-gate
synaptic transistor showing spatial summation of two pre-synaptic inputs from two
synapses. (b) The schematic digram of spatial summation testing. (c¢) EPSCs triggered
by pre-synaptic spikes 1 (0.5 V, 20 ms) and pre-synaptic spikes 2 (1 V, 20 ms),
respectively. (d) The amplitude of the EPSCs at t=0 (when the pre-synaptic spike
applied on the pre-synapse 1 finished) is plotted as a function of Atyrer-pre1, between

the two pre-synaptic spikes.
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Fig. 1
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Fig. 2
@ _ ~ _
OH H
B 0] + HAc — 0] + Ac¢
H: —O- H O+
NH, NH;
L -n = n
. om | " om |
| o T B0 == ,&0 + H0*
H —O- H ~0-
NH; NH,
L In - “n
400
(b) P
300} //
T a
p
S 200 /
100F _awena, 8
h '-.. g
" AT ,
0 100 200 300

Z'(0hm)




Journal of Materials Chemistry C Page 22 of 25

Fig. 3
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Fig. 4
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Fig.5

Journal of Materials Chemistry C

(<]
o
o

-

o

o
T

300

200 -

100

o

Synaptic Excitatory Current(nA)

o

12

(@)

1Hz 2Hz L

100Hz

50Hz

20Hz

10Hz
5Hz

10 20 30 40 50
Time(s)

10

A /A
»

(b)

0 25 50 75 100 125

Frequence(Hz)

Page 24 of 25



Page 25 of 25 Journal of Materials Chemistry C

Fig. 6
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