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A B S T R A C T

Emulating essential synaptic working principles using a single electronic device has been an important research
field in recent years. However, achieving sensitivity and energy consumption comparable to biological synapses
in these electronic devices is still a difficult challenge. Here, we report the fabrication of conjugated polyelec-
trolyte (CPE)-based artificial synapse, which emulates important synaptic functions such as paired-pulse facil-
itation (PPF), spike-timing dependent plasticity (STDP) and spiking rate dependent plasticity (SRDP). The device
exhibits superior sensitivity to external stimuli andlow-energy consumption. Ultrahigh sensitivity and low-en-
ergy consumption are key requirements for building up brain-inspired artificial systems and efficient electronic-
biological interface. The excellent synaptic performance originated from (i) a hybrid working mechanism that
ensured the realization of both short-term and long-term plasticity in the same device, and (ii) the mobile-ion
rich CPE thin film that mediate migration of abundant ions analogous to a synaptic cleft. Development of this
type of artificial synapse is both scientifically and technologically important for construction of ultrasensitive
highly-energy efficient and soft neuromorphic electronics.

1. Introduction

An artificial intelligent system that fully realizes the performance of
a human brain would consist of a huge number of artificial synapses
[1,2]; for such a system to be practical, the extreme sensitivity and
high-density integration of the synapses need to be emulated [3–5].
Additionally, flexibility and biocompatibility of polymeric materials
would facilitate the construction of electronic-biological interfaces, bio-
implanted electronics and soft robotics. In response to these require-
ments, synaptic functions have been fabricated using soft materials such
as Nafion [6], chitosan [7] and PEDOT:PSS [8]. Recently, ion-gel-gated
polymer semiconductor nanowire transistors and conducting polymer/
organic-inorganic perovskite double layer two-terminal devices also
demonstrated synaptic functions using electric-field-induced ion-mi-
gration and trapping [5]. However, development of materials that can
realize synaptic functions in a single soft working component, and that
possesses high sensitivity is still required.

Conjugated polyelectrolytes (CPEs) are polymers composed of a
conjugated backbone and aliphatic side chains that end with ionic
functionalities [9]. The special chemical structure allows stable pho-
tophysical properties and biocompatibility, and therefore broad appli-
cations to biosensing, bioimaging and delivery of therapeutics [10].
Ionic pairs of an ammonium ion and a halogen ion serve as dipoles,
which reorient to align with an external electric field [11]. Relatively
strong electric field can cause dissociation of the ionic pair and the
migration of mobile ions [12]. These dipole reorientation and ion mi-
gration processes are essential properties to contribute to consecutive
modulation of the electrical responses, and are suitable for emulating
synaptic functions.

Here, we report the fabrication of an artificial synapse that used a
conjugated polyelectrolyte functional layer to achieve analogous plas-
ticity of a biological synapse. The electronic device successfully emu-
lated synaptic working principles, such as excitatory postsynaptic cur-
rent, paired-pulse facilitation, spike-timing dependent plasticity and
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spike-rate dependent plasticity. It exhibited superior sensitivity to ex-
ternal stimuli of down to 10 millivolt, and low-energy consumption
level of femtojoule per synaptic event. These properties were based on
an hybrid working mechanism that dipole reorientation and ion mi-
gration underlie short-term plasticity, while resistive switchable prop-
erties of the ultrathin film enabled long-term plasticity.

2. Results and discussion

The chemical structure of bromide-containing CPE (CPE-Br) is
shown (Fig. 1a). The device structure is Al/CPE/bottom/electrode. A Pt
layer is deposited to protect the sample during focus-ion-beam (FIB)
process for making TEM samples. Bromide is in the middle of halides in
periodic table and is selected as a representative material of halides for
this study. CPE-Br synapses in a simple sandwiched structure of Al/CPE-
Br/n+Si were fabricated to emulate essential working principles of a
synapse (Fig. 1b,c) [13]. The typical device showed a sandwiched CPE-
Br layer with a thickness ~ 40 nm (Fig. 2a). The conjugated backbone
facilitates charge-carrier transport. The CPE-Br thin film emulates the
synaptic cleft between presynaptic and postsynaptic membranes, where
motion of neurotransmitters occurs. The thickness is quite similar to
that of the biological synaptic cleft (20-40 nm). The surface of CPE-Br
thin film is smooth with a root-mean-square roughness of 1.01 nm
(Fig. 2b), which ensures uniform characteristics of electronic devices.

A biological synapse encodes information as a modulation of sy-
naptic weight at a range of levels. Therefore, to realize such multilevel
memory, a consecutively tunable current signal is required. The current
signal of the CPE-Br thin film was modulated by applying consecutive
external pulses that induce reorientation of dipoles and migration of
ions. Arrhenius plot (Fig. 2c) of the device features two linear regions
with distinct slopes. The change in slope implies a change in activation
energy from Ea = 19.2 meV at T<250 K, to Ea = 62.5meV at T>260
K. This change in Ea implies the coexistence of at least two conduction
mechanisms at room temperature. A primary change in the CPE-Br thin
film would be dipole reorientation in response to an external electronic
field. Because the ammonium ions are connected to the conjugated
backbone by a flexible chain, dipoles reorient and move around the
aromatic backbone. Ea of this process should be small; we assign the
low Ea = 19.2 meV to it. In the CPE-Br layer, the bromide has ionic
interaction with ammonium ions. Increasing the strength or number of
pulses could cause decoupling of the ionic pairs, and induce bromide

migration. We assign the high Ea = 62.5 meV to this process. This
corresponds to the glass transition temperature (Tg) of the CPE-Br
(Fig. 2d). Above Tg the motion of the aliphatic side chains is released
and the two effects coexist in the at room temperature to cause the
change in conductance and formation of electrical double layers (EDL)
that release charges after electrical pulses (Fig. S1), underlying tem-
poral change in conductivity and short-term plasticity. It has been
discussed in previous reports that the ions migrate and dipoles align in
response to electric field [14–17]. Because migration of electrons is
several orders of magnitude faster than migration of ions [18], the
measured current at different distributions of inner gradients represents
electronic current. Non-volatile memories based on mixed ionic-elec-
tronic conduction have been reported [19], but consecutive modulation
of resistivity of thin CPE-Br thin film upon external stimuli for use in
neuromorphic electronics has not been studied; this property would be
an important advance toward applications of mixed ionic-electronic
conduction in artificial synapses.

Short-term memory can be realized by temporary modulation of
synaptic strength. In the CPE-Br-based artificial synapse, external pulses
are applied to metal top electrodes to emulate the arrival of presynaptic
spikes at the presynaptic membrane. The pulses induce dipole reor-
ientation and ionic migration in the CPE-Br thin film to trigger ex-
citatory post-synaptic current (EPSC) at a continuous reading bias on
the bottom electrode, i.e., n+Si. After the pulses, dipole orientations
recover, and ions back diffuse so that the current quickly decays to the
resting state (Fig. 3a).

In a biological synapse, successive stimuli can cause increase in the
number of neurotransmitters released from presynaptic membrane into
the synaptic cleft. This increase then induces an increase in the number
of opened gates of receptors and consequent increase in ionic flux
through the postsynaptic membrane. Analogously, successive pulses
consecutively modulate EPSC by increasing the number of accumulated
aligned-dipoles and the number of migrated ions in the electronic de-
vice. In the CPE-Br-based synapse, EPSC increased as the number of
pulses (e.g., 2 or 3) increased (Fig. 3a). The phenomenon that a su-
perimposed peak induced by a second pulse is higher than the peak
triggered by the first pulse is known as paired-pulse facilitation (PPF).
In this process, the second pulse is identical to and closely follows the
first pulse. The phenomenon weakened as the interval between the two
pulses was increased (Fig. 3b). Increase in the number of pulses to 10
significantly increased EPSC as compared to EPSC triggered by a single

Fig. 1. Schematic demonstrations of a) Chemical structure
of CPE-Br with a conjugated structure in the polymer
backbone and ammonia functional group on the side
chains that bond to bromides. b) A natural synapse with
presynaptic membrane, postsynaptic membrane and the
synaptic cleft in between. c) Geometry of a CPE-Br artifi-
cial synapse.
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Fig. 2. a) TEM image of the cross-section of the device that was cut using Focused Ion Beam. b) AFM images of surface morphology of CPE-Br thin film. c) Logarithm
of resistance as a function of the reciprocal of absolute temperature for CEP thin film. d) DSC analysis of CPE-Br polymer as obtained at 10 °C/min. Glass transition
temperature between 250 and 260 K was observed.

Fig. 3. a) EPSC triggered by an applied external voltage pulse, and current increase achieved by two and three successively applied pulses, emulating a biological
process of paired-pulse facilitation (Reading bias 0.1 mV, pulse amplitude 0.5 mV). b) PPF index as a function of interval between two pulses. b). e) PPF index vs.
interval between two pulses. c) increased EPSC as triggered by 10 successive pulses (Reading bias 0.1 mV, pulse amplitude 0.1 mV). d) Fitting of the current retention
to the curve of forgetting.
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pulse (Fig. 3c); the increase is due to the increased number of accu-
mulated ions and aligned dipoles in the thin film. However, this in-
crease is not linear; it consists of two concurrent trends during spiking:
(1) the spike drives the movement of a number of dipoles and ions; (2)
The accumulated dipoles and ions tend to spontaneously drift back their
equilibrium position in the interval between pulses. The current level
increased abruptly in response to the first few pulses, but this increase
weakened as the number of incremental pulses increased, because as
the gradient of displaced species across the film increases, the tendency
to return to the equilibrium position also increases; eventually, equili-
brium between the displacement of ionic and dipolar species and their
recovery is established. The decay replicates the trend of memory loss
in a human brain (Fig. 3d); i.e., y=bt-m [20,21].

Increase in spike duration, i.e. pulse width, increased the current
produced (Fig. 4a). This phenomenon is realized by increase in the
number of displaced species as pulse duration increases. The trend in
current was obvious at spiking duration < 2000ms, but became gra-
dual at > 2000ms. The plateau is imposed by the fixed number of
mobile bromides. When only small fractions of the dipoles reorient and
anions migrate, increased pulse width could increase the number of
displaced species. However, after most of the anions had migrated and
accumulated, the number of remaining ions was small, and they be-
came increasingly difficult to move, so in this stage an increase in pulse
width induced only a small increase in current. Current peaks are af-
fected by both pulse width and pulse amplitude (Fig. 4b). Enhanced
spike amplitudes can also cause increase in current (Fig. 4c).

Fig. 4. a,b) Spiking-duration dependent plasticity (pulse amplitude = 0.6 V in (a)), c) Spike-voltage dependent plasticity (pulse width = 380ms), d) EPSC as
triggered by various pulses for the evaluation of minimal energy consumption of the synaptic device. e) Peaks as triggered by 10 presynaptic spikes at different spike
rates and f) the plot of postsynaptic current (synaptic weight) as a function of spiking frequency for the demonstration of spike-rate dependent plasticity (SRDP),
where synaptic weight was modulated by frequency of presynaptic spikes.
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One of the most important features of a natural neural network is its
energy efficiency. Biological synapses use 1–10 fJ per synaptic event.
Various pulse amplitudes were tested to trigger EPSC of the synaptic
device to evaluate its energy consumption (Fig. 4d). Energy consump-
tion E= PIt, where P [V] is pulse amplitude, I [A] is triggered current
level, and t [s] is pulse width [22]. A 100-mV pulse triggered an EPSC of
~ 20 pA; energy consumption was ~ 100 fJ/synaptic event. A ~ 10mV
pulse triggered a clear EPSC of ~ 2 pA; energy consumption was ~
10 fJ/synaptic event, which comparable with that of a biological sy-
napse. The effectiveness of the EPSC was confirmed by applying two
successive pulses of 10mV, which caused PPF behavior with the 2nd
EPSC peak increased in comparison with the 1st one. Recent years,
energy consumption has been reduced to femtojoule level for three-
terminal artificial synapses [2,5b], while for two-terminal structure,
comparable energy consumption is still desired. Both two-terminal and
three-terminal artificial synapses with low-energy consumption and
ultrahigh sensitivity is desired in neuromorphic electronics in different
types of future applications.

Slight enhancement in current response was observed when thinner
CPE-Br thin film of 33.5 nm was used (Fig. S2a,b). However, when the
film thickness is further reduced to ~ 24 nm, severe leakage current
makes the device not reliable (Fig. S2c,d).

To compare with CPE-Br artificial synapse, chloride-containing CPE
(CPE-Cl) and iodide-containing CPE (CPE-I) were also synthesized
(Scheme S1, Scheme S2 and ‘Supporting Synthesis procedure’), and
applied to similar device structures. Sensitivity in the sequence of CPE-
Cl > CPE-Br > CPE-I has been shown (Fig. S3). This trend is probably
due to the ion size effect. In the case of halides, iodides have larger ion
size than bromides, while chlorides have smaller size. Larger ions are
relatively less mobile in response to the same external pulses. Tem-
perature also influences the synaptic behavior by affecting ion migra-
tion. Weaker current responses could occur due to the restriction of ion
migration at lower temperatures (Fig. S4).

Spike timing dependent plasticity (STDP) is an important learning
rule that replicates Hebb’s postulate "Cells that fire together, wire to-
gether" [23,24]. The rule is applicable to a broad range of species, from
insects to humans. STDP involves synaptic weight modulation by ad-
justing the relative timing between presynaptic and postsynaptic spikes,
and usually occurs within a critical window of tens of milliseconds.
STDP is also an important rule for the construction of neuromorphic
electronics. By adjusting the relative timing between presynaptic and
postsynaptic spikes, an anti-symmetric STDP window that replicates the
biological one has been achieved using a CPE-Br synapse (Fig. S5a,b);
the time scale of its STDP window is comparable with those of biolo-
gical synapses (~ 100ms). The similar time scale is beneficial to
building up interfaces between electronic and biological neural sys-
tems.

Spike-rate dependent plasticity (SRDP) is another fundamental rule
of synaptic plasticity, and is regarded as an extended form of Hebbian
learning, It is believed to underlie learning, associative memory and
forgetting [25]. SRDP involves the dependence of synaptic weight on
the spike rate of presynaptic spikes. To investigate whether similar
behavior exists in CPE-Br -based synapse, ten successive pulses were
applied to the same device at different spike rates. Current peaks in-
creased as spiking rates were increased (Fig. 4e,f). The increase is due to
suppression of back diffusion of ions and spontaneously recovered di-
poles when the interval between pulses is relatively small.

Long-term plasticity is regarded as the maintenance of memory, i.e.,
the long-term change in synaptic weight that underlays long-term
memory. In an artificial synapse, the long-term change in the con-
ductance was measured by the EPSC level at a constant reading bias. In
CPE-Br synapses, increase in the number of pulses could cause increase
in current, and this increase did not decay (Fig. S6). This current could
be ‘erased’ by applying pulses with opposite polarity. This long-term
change in conductance and ‘write’/’erase’ behaviors are consistent with
a resistive switching behavior reported in the previous literature [26]:

some semiconducting thin films at thickness around several tens of
nanometers could undergo soft breakdown and maintain the state for a
long time [26]. When numerous consecutive strong pulses were applied
to a CPE-Br synapse, long-term potentiation was formed (Fig. S7). The
current decayed only slightly in 104 s; in principle, this implies a re-
tention time of > 10 y by extrapolation from the decay trend.

3. Conclusion

In conclusion, we fabricated a conjugated polyelectrolyte (CPE)-
based artificial synapse, which emulated important synaptic working
principles, and showed great potential for highly sensitive low-energy
consuming applications. The excellent synaptic performance originated
from (i) an hybrid working mechanism that ensured the realization of
both short-term and long-term plasticity in the same device, and (ii) the
mobile-ion rich CPE thin film that mediate migration of abundant ions
analogous to a synaptic cleft, and allowed ultrahigh sensitivity and
ultralow energy consumption of the synaptic device. Development of
this type of artificial synapse is an essential progress towards con-
struction of ultrasensitive highly-energy-efficient and soft neuro-
morphic electronics.

4. Experimental section

4.1. Materials synthesis

CPE-Br was synthesized by following previous reports [27]. The
synthetic approach to the neutral precursor of CPE-I, poly[9,9′-bis(6′-
iodohexyl)fluorene-alt-1,4-phenylene] (FPN-I), involves the Suzuki co-
polymerization of 2,7-dibromo-9,9-bis(6′-iodohexyl)fluorene [28] and
1,4-phenylenebisboronic ester [27] using Pd(PPh3)4 in toluene/ K2CO3

(2M in H2O) at 85 °C for 24 h (yield 81%). The number-average mo-
lecular weight (Mn) of the neutral precursor of CPE-Br (FPN-Br) and
FPN-I were measured to be 12,000 g/mol (polydispersity index (PDI)
= 3.1) and 17,700 g/mol (PDI = 2.3), respectively using gel permea-
tion chromatography (GPC, in o-Dichlorobenzene at 80 °C) relative to
polystyrene standards. The cationic poly[9,9′-bis[6′-(N,N,N-trimethy-
lammonium)- hexyl]fluorene-alt-phenylene] iodide (CPE-I) was ob-
tained by treating FPN-I with a 30% aqueous solution of trimethyla-
mine in THF/methanol for 48 h. Unlike CPE-I, CPE-Cl was prepared by
ion-exchange reaction (details see supporting experimental proce-
dures). The 1H NMR and X-ray photoelectron spectroscopy (XPS) data
support to confirm the chemical structure of CPEs (Fig. S8).

4.2. Materials and devices

The CPE solution (0.5% in methanol) was spin-coated onto a
cleaned n+Si wafer, then annealed on a hot plate at 100 °C for 1 h.
Then 100-nm-thick circular-shaped Al metal dots with in-plane size of
8.02×10−4 cm2 were deposited though a shadow mask in a thermal
evaporator.

4.3. Measurements

AFM images were obtained using a Dimension 3100 microscope
(Digital Instruments). High-resolution TEM with EDS wasobtained
using a TEM (JEOL JEM-2100FS). All electrical characteristics of the
electronic devices were characterized using a Keithley 4200-SCS
semiconductor parameter analyzer in a nitrogen-filled glove box.
Differential Scanning Calorimetry (DSC) experiments were performed
using a DSC-Q2000 (TA Instruments) over a temperature range of −70
to 150 °C with a ramp rate of 10 °C/min. Tg data was taken from the
second heating cycle.
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