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ABSTRACT: Reversibly tunable short-term plasticity (STP) of the channel current in
organic neuromorphic devices is demonstrated with a three-terminal architecture.
Electrolyte-gated organic transistorsEGOTsare driven with square voltage pulses at
the drain electrodes, while the gate bias enables the modulation of the amplitude and
characteristic time scale of the depressive STP spiking response up to 1 order of
magnitude. The gate potential sets the baseline and the steady-state current, preluding
multilevel memory writing. The fine-tuning of the STP response, which is not possible with
two-electrode organic neuromorphic devices, is reversible and does not imply chemical
modifications of the active layer.
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Electronic systems capable of emulating synaptic function-
alities, in order to achieve parallel computing with energy

efficiency comparable to that of the human brain, were described
in 1990 with the locution “neuromorphic electronic systems”.1

Since then, a number of electronic devices have been designed
and developed toward that aim, ranging from memristive
circuits,2,3 in which the resistance state of a semiconductive
material (dependent on the past history of the material itself) is
used as synaptic weight in artificial neural networks, to
asynchronous spiking neural networks, in which information is
encoded as spiking time and frequency.4

The technological platform of organic electronics, based on
inherently low-power devices prone to integration on a large
area and capable of working in liquid environment,5−7 offers
unprecedented possibilities in this perspective. Organic neuro-
morphic devices were successfully demonstrated toward a wide
range of applications,8 ranging from Pavlovian learning to
selective sensing of neurotransmitters,9 as they can reproduce
and make advantage of the two main mechanisms characterizing
physiological synapses, namely short-term plasticitySTP
and long-term potentiationLTP.10 Furthermore, in contrast
with their inorganic counterparts, organic neuromorphic devices
can be promptly interfaced with living matter and in particular
with neural cells,11 thus becoming an attractive technology for
autonomous brain implants and neuroprosthetics.
This work demonstrates the possibility to exploit the peculiar

features of electrolyte-gated organic transistorsEGOTsto
develop a new class of three-terminal organic neuromorphic

devices that exhibit a reversibly tunable short-term plasticity
(STP) response of the channel current.
EGOTs are three-terminal devices in which the current, IDS,

that flows in a (semi)conductive channel (i.e., an organic film
bridging the source and drain terminals) upon the application of
a drain-to-source bias, VDS, is modulated by the voltage applied
at the third terminal (the gate) with respect to the source,VGS, as
shown in Figure 1. The gate is capacitively coupled to the
organic film through an electrolyte; hence, VGS modulates
channel conductance by controlling the ionic environment and
potential in the proximity to the channel.12−16

Usually, when organic transistor architectures are operated to
yield a neuromorphic response, two of the three terminals are
short-circuited together, obtaining a de facto two-terminal
architecture,17 whose time/frequency response reflects an
effective RC time constant of the circuit. This time constant
depends on geometrical features such as channel thickness,18 on
the judicious integration of shallow traps, for instance, those
made with Au nanoparticles,19 or on the composition of the
electrolyte or the presence of molecules strongly interacting with
the active layer. In particular, the latter case allowed the use of

Received: April 19, 2020
Accepted: July 7, 2020
Published: July 7, 2020

Letterpubs.acs.org/acsaelm

© 2020 American Chemical Society
1849

https://dx.doi.org/10.1021/acsaelm.0c00313
ACS Appl. Electron. Mater. 2020, 2, 1849−1854

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 D

E
G

L
I 

ST
U

D
I 

D
I 

FE
R

R
A

R
A

 o
n 

D
ec

em
be

r 
17

, 2
02

0 
at

 1
8:

17
:5

0 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michele+Di+Lauro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+De+Salvo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gioacchino+Calandra+Sebastianella"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michele+Bianchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefano+Carli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mauro+Murgia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mauro+Murgia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luciano+Fadiga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabio+Biscarini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaelm.0c00313&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.0c00313?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.0c00313?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.0c00313?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.0c00313?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.0c00313?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aaembp/2/7?ref=pdf
https://pubs.acs.org/toc/aaembp/2/7?ref=pdf
https://pubs.acs.org/toc/aaembp/2/7?ref=pdf
https://pubs.acs.org/toc/aaembp/2/7?ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsaelm.0c00313?ref=pdf
https://pubs.acs.org/acsaelm?ref=pdf
https://pubs.acs.org/acsaelm?ref=pdf


STP timescales as a sensing parameter toward analytes in the
electrolyte exhibiting strong (from a few to several tens kJ
mol−1), albeit nonspecific, interactions with the active materi-
al.20 In all these approaches, depressive STP is obtained when
the voltage spike train has a frequency higher than the inverse of
the device response characteristic time scale, which is largely
contributed by the resistance−capacitance of the electrolyte/
active material interface.
In other three-terminal approaches,21−24 STP has been

achieved in poly(3,4-ethylenedioxythiophene):polystyrenesul-
fonate (PEDOT:PSS)-based or poly(3-hexylthiophene)
(P3HT)-based EGOTs by continuously recording IDS while
applying pulses at the gate electrode and exploiting the rather
slow bulk dedoping/doping of semiconductive channels to
achieve nonlinearity of the IDS response according to the
stimulation frequency. LTP, on the other hand, has been
achieved by faradaic processes such as lithium intercalation in
the channel of graphene FETs.25

In this work, a novel EGOT-based neuromorphic architecture
is reported, in which the doping state of the channel is kept
constant throughout the entire stimulation protocol by applying
a constant VGS. An STP depressive response of IDS is observed

upon VDS square pulsing, achieving selective and reversible
tuning of STP behavior via VGS-mediated control of channel
doping. Importantly, the gate voltage does not produce any
redox reaction in the active layer. The rationale is that eliciting
STP modulation of IDS by square pulse VDS stimulation, it is
possible to exploit VGS as an additional tuning parameter, to
modulate charge carrier density in the semiconductive channel,
regulating both the STP amplitude and STP time constant at the
same time. The gate also allows the baseline current to be set
before and at the steady state after the STP response, thus acting
as a further element for memory writing.
Depletion and accumulation EGOTs were fabricated using

PEDOT:PSS and 6,13-bis(triisopropylsilylethynyl)pentacene
(TIPS-P5), respectively, and characterized with standard
protocols,26 in order to assess the feasibility and the
reproducibility of the proposed strategy. The results are
summarized in Figure 1.
Transfer (Figure 1c,d) and output (Figure 1e,f) character-

istics confirmed that PEDOT:PSS-based EGOTs exhibit higher
absolute IDS values compared to TIPS-P5-based devices.
Nevertheless, as shown in Figure 1g,h, in both architectures, it
is possible to reversibly shift from a high-conductance state to a
low-conductance state when scanning VGS from negative to
positive values; this common feature has been exploited to tune
the STP depressive response in both architectures.
A schematic representation of the connection layout is

presented in Figure 2a.
The envisioned stimulation protocol was validated by

sourcing square pulse trains of varying frequencies at the drain
electrode following the established stimulation pattern27 while
applying a constant DC bias VGS at the gate and keeping a fixed
nonzero drain bias (VDS,0 = −0.3 V). Figure 2b shows the
stimulation protocol and the response of a three-terminal STP
device obtained in a depletion PEDOT:PSS-based EGOT
architecture: upon channel dedoping (i.e., when moving from
negative VGS values to positive values), it is possible to observe a
decrease of the current spike amplitude. This is consistent with
the profile of the transfer characteristics (shown in Figure 1c),
which is also mirrored by the trend of the DC current in absence
of stimulation.
The typical response of neuromorphic two-terminal devices is

qualitatively retained: it is possible to observe a linear response
at low frequencies, a depressing response at high frequencies,
and a facilitating response (viz., current spike amplitude
increasing) when moving from high to low frequencies.
Nonetheless, in a three-terminal architecture, it is possible to
modulate this behavior, at least until the neuromorphic response
for completely dedoped channels (i.e., VGS = 0.6 V) is
suppressed. This behavior arises from the different nature of
charge carriers contributing to IDS in response to VDS pulses:
namely, holes in the semiconductive channel (slow carriers) and
ions displacing in the electrolyte (fast carriers). When the
channel is completely dedoped, holes are trapped, and IDS is due
to mere ion displacement, resulting in lower current intensity
and faster relaxation timescales. In this scenario, the stimulation
frequency is not high enough to elicit depression, and the device
response will be linear. This effect is displayed in Figure 2c,
showing the current variations ΔIDS in response to individual
VDS square waves in the “depressive” region. Besides the
aforementioned decrease of intensity, it is possible to observe
significant evolution of the relaxation time-scales exhibited by
the system when pulses are applied and removed. Interestingly,
it is possible to decouple these two phenomena (pulse

Figure 1. (a,b) Schematic representation and connection layout of the
proposed PEDOT:PSS-based depletion EGOT (a) and TIPS−
pentacene accumulation EGOT (b), operated in a common source−
common ground configuration; (c,d) average transfer characteristics of
depletion (c) and accumulation (d) devices, reported with their SEM
(N = 5, gray area); (e,f) typical output characteristics of depletion (e)
and accumulation (f) devices; (g,h) 3-D plots showing the dependence
of IDS from both VGS and VDS, for depletion (g) and accumulation (h)
devices.
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application and pulse removal) if no DC drain bias is applied
(i.e., if VDS,0 = 0 V), as shown in Figure 2d.
In order to define the operational parameters necessary for

predicting and tailoring the STP response in a three-terminal
device, it is necessary to develop a quantitative toolset that
rationalizes these phenomena. In this work, this has been done
by focusing on the STP depressive response at 125 Hz at VDS,0 =
0 V, for VGS values ranging to 0 V to −0.5 V, since within this
potential window, it is possible to modulate the conductivity of
the large majority of p-type organic semiconductors and to rule
out any faradaic contribution to the observed currents.28

The typical STP depressive response, characterized by a
decreasing envelope of the current maxima in response to
subsequent voltage spikes (shown in Figure 3a,b), follows the
stretched exponential trend of eq 1:

I t I A
t

( ) exp
STP
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where I∞ is the current plateau related to the equilibrium
reached upon continuous depressive stimulation, A = I0 − I∞ is
the difference between the first spike, I0, and I∞,Δt = t− t0 is the
time interval from the first spike, τSTP is the STP time scale, and
the exponent, β, quantifies the deviation from the exponential
trend (which is instead usually observed in two-terminal
devices).29 Figure 3c shows the trends of I∞ and A vs VGS for
depletion EGOTs, while Figure 3d reports the same trends for
accumulation devices. In depletion devices, the increasing trend
of I∞ for higher channel doping (i.e., more negative VGS and
higher negative I∞) is mirrored by a decrease in STP amplitude,
A. This is due to the fact that, for negative VGS, conduction in
PEDOT:PSS approaches metallic conduction, resulting in a
partial loss of tunability. In accumulation devices, on the other
hand, the active material is completely undoped at VGS = 0 and is
populated by charge carriers while moving at a more negative
VGS; in this situation, the amplitude of the STP modulation, A,
and the plateau current, I∞, follow exactly the same trend vs VGS.
This shows that VGS also controls current baseline.
The stretching exponent, β (plotted vs VGS in Figure 3g,h for

depletion and accumulation devices, respectively), is a measure
of the deviation from the ideal exponential STP decay. In the
three-terminal architecture, the observed β < 1 produces a less
steep decay. This hints to energetic disorder and dispersion of
drift velocities in semiconductive channels, and it is different
from displacement-based STP in two-terminal architectures,
where β = 1. Also, β dependency on VGS differs for depletion and
accumulation devices. In the former, it increases with channel
doping and approaches unity, resulting in steeper decays; in the
latter, it increases linearly in the subthreshold operational regime
(−0.2 < VGS < 0 V, where the channel gets populated) and
remains rather constant in the linear accumulation regime.
Since the sampled time for a train of voltage pulses may be

shorter than the STP time scale (in some instances, this falls
outside the range of experimental time, which means the plateau
of STP is not fully achieved for the duration of the pulse train),
the estimated errors on the fitting parameters are large, and
convergence requires a step-and-hold fitting procedure. Thus,
we recast eq 1 and perform its Taylor expansion into a power law

I t I I
t

( ) 0
STP
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β
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which can be linearized as

Figure 2. (a) Connection layout for eliciting a tunable STP response: a
constant gate bias is applied, while at the drain terminal, voltage pulses
are applied, and IDS is recorded; (b) response of the accumulation
EGOT to a VDS pulse train (VDS,0 =−0.3 V;ΔVDS =−0.5 V) at different
VGS values; (c) detail of IDS variations in the depressive region of (b) at
500 Hz, highlighting the dependency of both spike amplitude and
relaxation time scales on VGS; (d) system response to depressive
stimulation frequency (125 Hz) for VDS,0 = 0 V, for −0.5 < VGS < 0 V.
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The fit with eq 3 is numerically robust, although the physical

meaning of the parameters of eq 2 is not explicit, as the

parameters are now entangled into the parameter α, which is

plotted vs VGS in Figure 3i,j. The linearization procedure also

leads to a slight underestimation of β values, as shown in Figure

3g,h.

As already discussed, both α and β can be tuned by controlling
VGS.

The parameter α, namely the value of ln I t
A
( )

1

Ä
Ç
ÅÅÅÅÅÅ

É
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ÑÑÑÑÑÑ

Δ after 1 s of

continuous depressive stimulation, is a generic indicator of the
efficiency of the STP depression. Indeed, in depletion devices, α
exhibits a maximum at VGS close to 0 V, where the channel is in
its most energetically disordered state (see also Figure 1c for
comparison). Accordingly, β is at a minimum in this potential
window.

Figure 3. (a,b) Typical depressive STP responses (solid black line) and STP envelopes (solid red and blue lines) for depletion (a) and accumulation
(b) devices; (c,d) dependency of current plateau, I∞, and STP amplitude, A, on VGS, for depletion (c) and accumulation (d) devices; (e,f) dependency
of STP time scale, τSTP, on VGS, for depletion (e) and accumulation (f) devices; (g,h) dependency of stretching exponent, β, as extracted from the
stretched exponential trend (hollow squares) and from the linearized one (solid squares) on VGS, for depletion (g) and accumulation (h) devices; (i,j)
dependency of the linearized trends slope, α, on VGS, for depletion (i) and accumulation (j) devices.
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In accumulation EGOTs, Figure 3j, the trend is exactly
reversed, since these devices experience the opposite transition,
i.e., from insulating to conductive, while moving toward negative
VGS values; thus, their STP efficiency scales directly with the
charge carrier density.
As complementary information to this framework, it is worth

noticing that τSTPnamely the time constant of the IDS decay
upon depressive stimulationis different than the circuit RC
time constant, τ, extracted from impedance spectroscopy
(Figure S1 in the Supporting Information). In particular,
devices with faster relaxation (i.e., smaller τ) exhibit a longer
τSTP. This is not surprising if one considers the fact that STP
arises from incomplete relaxation of the system upon continuous
spiking: namely, at a given stimulation frequency, in a system
with a smaller τ, the intensity of the second spike will be closer to
that of the first spike if compared to what would happen in a
slower system (bigger τ), resulting in the need of more spikes
(i.e., longer times) to reach a steady state, causing a longer τSTP.
In conclusion, a novel neuromorphic architecture based on

electrolyte-gated organic transistors (working either in
depletion or in accumulation) was developed and validated,
allowing reversible tuning of the amplitude, rate, and current
plateau of the neuromorphic depressive response upon VGS
modulation. By properly controllingVGS, it is possible to shift the
baseline current, the amplitude, and the steepness of neuro-
morphic behavior in the channel of organic electronic EGOT-
based neuromorphic devices, preluding multilevel memory
writing and frequency dependent controllable decisional nodes
in more complex neuromorphic organic circuitry as well as
tailorable sensitivity in STP-based sensors.

■ EXPERIMENTAL SECTION
Depletion EGOT Fabrication.Custom test patterns were designed

and purchased by Phoenix PCB. The final design features nine
independent pairs of gold source/drain electrodes (W/L = 4) patterned
onto a flexible poly imide substrate. Insulation is guaranteed by a further
polyimide layer, which covers the entire layout and features nine pools
that expose only the terminal portion (area = 0.8 × 0.9 mm) of the
source and drain leads. Semiconductive channels are obtained by
dropcasting 0.5 μL of a PEDOT:PSS formulation (Clevios PH1000, 5%
v/v DMSO, 0.2% v/v GOPS; diluted 10 times with Milli-Q water) on
each pool and curing in a thermostatic oven (120 °C, 30min) obtaining
films with an average 1 μm thickness (XE7 AFM Park System, tapping
mode).
Accumulation EGOT Fabrication. Au source and drain

interdigitated electrodes were deposited onto quartz substrates by
photolithography and liftoff (MicroFabSolutions, Trento, Italy),
obtaining a 15 μm long and 3 mm wide channel. TIPS-P5 was
deposited after piranha wet etch (1:1, H2SO4/H2O2) treatment onto
these substrates via spin coating of a 1% w/w solution in an 8:2 mixture
of toluene and n-hexane and cured in a thermostatic oven (60 °C, 30
min).
Device Characterization. Device performances have been

assessed using a two-channel source measure unitSMU (Keysight,
B2912A)with custom designed control software. In particular, I−V
characteristics have been acquired in the usual common source−
common ground configuration, while neuromorphic tunable behavior
has been obtained driving the pulsed drain electrode with one channel
of the SMU, using the other channel to provide a DC bias at the gate
electrode.
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PEDOT:PSS, poly(3,4-ethylenedioxythiophene):polystyre-
nesulfonate
TIPS-P5, 6,13-bis(triisopropylsilylethynyl)pentacene
P3HT, poly(3-hexylthiophene)
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