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units (GPUs) and >1000 central processing 
units (CPUs) for some of the highest per-
formance demonstrations.[4] In order to 
approach the massively parallel and energy 
efficient operation of the brain (≈25 W),[7] 
neuromorphic computing architectures 
have been proposed which utilize physical 
processes in materials to emulate syn-
aptic behavior.[8–10] Among these, resis-
tive memory (memristive) devices[11,12] 
have gained traction as a highly suitable 
option, offering projected efficiency gains 
of up to 106 over von Neumann archi-
tectures when implementing ANN algo-
rithms.[13,14] Efficiency gains originate from 
parallel computation and scale with array 
size (N)[15]: an N × N sized neuromorphic 
array can simultaneously perform N2 oper-
ations using Ohm’s and Kirchoff’s laws 
(multiply and accumulate, respectively), 
whereas GPUs can perform only N opera-
tions simultaneously.

Nonvolatile memristive devices such as 
phase change memory (PCM) and resis-
tive random-access memory (ReRAM) have 
been proposed for use as nonvolatile arti-
ficial synapses due to their ability to tune 

the resistance state by applied voltage pulses.[16–18] By arranging 
these devices in a crossbar array architecture, vector-matrix mul-
tiplication (VMM) can be performed in an analog fashion where 
the input vector is represented by voltages, the operator matrix 
is represented by the conductance of each memristive element, 
and the output vector is represented by currents. These crossbar 
arrays have recently been implemented in a dot-product engine 
which uses VMM operations to classify handwritten digits with 
≈90% accuracy.[19] However, this demonstration requires a time-
consuming feedback programming scheme which reduces the 
parallelism of the write operation to the array and ultimately its 
overall efficiency.

Recently, electrochemical nonvolatile redox memory 
(NVRM) devices[20,21] have emerged as an ideal candidate for 
neuromorphic arrays as they decouple read and write opera-
tions, thereby allowing for low-energy programming and accu-
rately tunable conductance states while potentially avoiding the 
time–voltage dilemma.[22,23] Furthermore, organic materials 
are an attractive alternative to conventional resistive memory 
due to their linearly tunable conductance,[22] biocompati-
bility,[24] and unique switching mechanisms which significantly 
differ from their inorganic counterparts.[25–30] In particular, 
there has been interest in mixed ionic-electronic conductors, 
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Organic Neuromorphic Devices

1. Introduction

Inspired by the versatility and efficiency of the brain at solving 
complex cognitive tasks, there has been increasing research 
on artificial neural networks (ANNs) to translate similar cogni-
tive performance to computers. Many new algorithms have 
been developed to learn tasks such as image classification and 
generation,[1,2] playing games requiring long-term strategy,[3–5] 
and navigation.[6] However, these algorithms have proven to be 
computationally intensive, requiring >100 graphics processing 
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such as poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)  
(PEDOT:PSS), due to the low voltages required to modu-
late the material’s conductance.[31] The operating mechanism 
resembles the behavior of a biological synapse: the electronic 
conductance state, or synaptic weight, of the material is mod-
ulated by coupling ionic and electronic currents.[32–36] When 
implemented in a three-terminal architecture as an NVRM, 
PEDOT:PSS devices show exceptionally low switching energies 
(10 pJ for a 100 µm2 device) in addition to linear and symmetric 
conductance response required for “blind” weight update 
(i.e., not involving a read).[21,22] Furthermore, by avoiding the 
read step, arrays using three-terminal NVRMs offer a factor of 
N efficiency gain over those using nonlinear resistive memory 
devices, where N is the array dimension.[15] These features 
combined with materials compatibility for 3D stacking[37] and 
biological interfacing[38,39] make organic neuromorphic devices 
very promising for integration in hardware-based ANN.[30]

Yet, one key challenge for using electrochemical NVRM 
devices, and organic materials in particular, is their suscep-
tibility to parasitic chemical reactions, most notably oxida-
tion in air.[40] Recently, this challenge has been addressed 
by inserting an electronic barrier into the programming cir-
cuit (such as compliance resistor or an access transistor) 
to prolong self-discharge as well as by adding amine-based 
reducing agents, such as polyethyleneimine (PEI), to stabilize 
the reduced state of PEDOT:PSS.[21,41] However, these tech-
niques only stabilize the channel for a relatively low conduct-
ance range (≈1.2 × conductance modulation), whereas a broader 

conductance range (≈2×) is desired for ANN applications.[42] 
As such, the state-retention times of electrochemical neuro-
morphic organic devices (ENODes) have thus far remained 
relatively short (<1 min). In this work, we elucidate the physical 
and chemical mechanisms leading to resistance state decay and 
cycling instability in PEDOT/PEI:PSS ENODes and demon-
strate methods to mitigate these effects, such as amine vapor 
doping and the use of a diffusion barrier. Using the insights 
from this study, we confirm and mitigate the underlying deg-
radation mechanisms by device encapsulation to demonstrate 
an order of magnitude improvement in ENODe state retention 
(from <1 min to ≈10 min), reduce cycling instability to <0.15%, 
and achieve long-term device stability of >30 days. Furthermore, 
the reported strategies are expected to be applicable for a broad 
range of organic electrochemical devices, notably charge storage 
devices including organic supercapacitors[43] and batteries,[44,45] 
as well as organic electrochemical transistors (OECTs).[46,47]

2. Results and Discussion

2.1. Device Architecture

The three-terminal architecture of a planar ENODe is presented 
in Figure 1a, which consists of a PEDOT:PSS gate electrode 
coupled to a PEDOT/PEI:PSS channel via an electrolyte (either  
100 × 10−3 m aqueous potassium chloride (KCl in H2O) or 
hydrated Nafion). The channel and gate are separated with an 
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Figure 1. a) Planar ENODe schematic representation, showing a PEDOT:PSS gate and a vapor-doped PEDOT/PEI:PSS channel and chemical structure 
of PEDOT/PEI:PSS, b) ENODe conductance (GCh) as a function of the number of applied gate voltage pulses (VPulse = 5 V, tPulse = 1 s, RLimit = 1 MΩ), 
and c) corresponding state-retention curves for ENODe left at open-circuit for 5 min after charging to a particular state (between ±0.5 V with 
0.1 V increments). The intrinsic device resistance state (i.e., following full discharge or no programming) is shown as a dotted line before/after (black/
grey) the measurements.
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electrical switch to short-circuit the channel and the gate films 
(for full discharge) or keep them at open-circuit, i.e., discon-
nected, for state-retention measurements. The channel con-
ductance (GCh) is tuned by applying positive or negative square 
voltage pulses (VPulse = ± 5 V, tPulse = 1 s) to the ENODe gate 
through a current limiting resistor (RLimit = 1 MΩ) (shown 
in Figure 1b), which corresponds to a ≈500 mV voltage drop 
between the gate and channel for solid-state devices. Application 
of a positive bias at the gate removes polarons from the PEDOT 
backbone and drives protons into the PEDOT/PEI:PSS channel, 
protonating the amine groups of PEI, which lowers GCh. The 
protonated amines electrostatically couple to the negative charges 
of the PSS anions, thereby screening the negative charge, stabi-
lizing the reduced PEDOT backbone. When the polarity of the 
voltage is reversed, this process can proceed in the opposite 
direction to increase GCh, allowing for reversible operation of the 
ENODe. Here, we show only individual 60 conductance states 
although PEDOT/PEI:PSS ENODes show a virtually continuous 
GCh between its maximum (GMax) and minimum (GMin) state 
when shorter or lower amplitude write pulses are used.[21]

2.2. State-Retention Measurements

To study state retention of ENODes, we specifically look at a set 
of 11 conductance states spanning the entire addressable con-
ductance range of the ENODe, which are achieved by program-
ming the ENODe to a particular voltage (VDevice) between ±0.5 V 
with 0.1 V increments, i.e., our ENODe device operates similarly 
to an electrochemical charge storage device where the charge 
state (and related potential) of the device determines the con-
ductance state. Figure 1c shows the state-retention curves for 
the corresponding conductance states as indicated in Figure 1b 
by the colored circles. State-retention curves are measured by 
first charging the device using a constant gate bias (VDevice) 
followed by opening the gate circuit and applying a constant 
source–drain bias (VDS = −0.05 V) to monitor the conductance 
across the channel for a period of t = 5 min. From this curve, 
we can determine the state loss (ΔGCh) over the period t, which 
is used as a measure of state retention, as well as device drift 

(shift in intrinsic device conductance following full discharge 
or without programming, where VDevice = 0 V), which is used as 
a measure of cycling stability (see Figure S1 in the Supporting 
Information). We normalize the state loss to the useful con-
ductance range (GRange) for each ENODe in order to compare 
state retention among devices with varying conductance ranges 
(GRange = GMax–GMin). By looking at the state loss as a function 
of VDevice (see Figure 2a), we can identify the mechanisms for 
loss of state at reducing gate potentials (+VDevice: the channel 
is in its low conductance state and at a negative potential com-
pared to the gate), and oxidizing gate potentials (−VDevice: the 
channel is in its high conductance state and at a positive poten-
tial compared to the gate), to tune for optimal state retention.

2.3. Effect of PEI Concentration

The low oxidation potential of highly doped organic semiconduc-
tors, such as PEDOT:PSS, remains one of the key challenges in 
using organic materials as a NVRM element due to rapid oxi-
dation of reduced (neutral) chains in ambient environment. In 
order to increase the conductance-state retention of the reduced 
PEDOT:PSS films used in ENODes, we selectively de-dope the 
ENODe channel using PEI vapor. In this system, the amines 
along the PEI backbone screen charges from PSS− which lowers 
the driving force for oxidation of the reduced PEDOT back-
bone,[21] stabilizing the conductance state of the device. To better 
understand the role of PEI in stabilizing the conductance of the 
ENODe channel, we look at the effect of changing PEI concen-
tration (CPEI) on the state retention across all VDevice. As CPEI is 
increased, the state retention increases for +VDevice (Figure 2a) 
due to the reducing character of the amine additives; however, 
the increased CPEI additionally leads to decreased state retention 
at −VDevice as well as decreased cycling stability as seen in the drift 
of the native state (Figure 2b). The competing driving forces for 
instability at +VDevice and −VDevice will be discussed in Section 2.4.

In addition to shifting the state retention in ENODes, 
increasing CPEI leads to a shift in the GRange and the conductance–
voltage response (GCh vs VDevice) of the PEDOT/PEI:PSS channel. 
The native channel conductance (when VDevice = 0 V), GInitial, 
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Figure 2. Effect of increasing PEI concentration (CPEI): a) conductance change (ΔGCh) versus device voltage (VDevice) of a programmed ENODe left 
at open-circuit for 5 min, normalized to the conductance range GRange. Increasing CPEI shows improved retention at reducing potentials (+VDevice) but 
decreased retention at oxidizing potentials (−VDevice). b) Native state (GInitial; Gch at VDevice = 0 V) conductance (blue) and drift (orange) for increasing 
CPEI. The ENODe native state is measured before and after one cycle of VDevice from 0 to +0.5 to −0.5 and then back to 0 V showing increased drift in 
native state for higher CPEI. GInitial decreases as CPEI increases due to increased PEDOT:PSS reduction by the dedoping amines. c) GCh versus VDevice 
for ENODes with increasing PEI concentration normalized to the corresponding maximum conductance (GMax) of each device. Larger CPEI results 
in a linear region shifted toward oxidizing potentials (−VDevice) and increased GMax/GMin ratio (GMax/GMin = 1.9×, 2.1×, and 20× for CPEI = 0%, 50%, 
and 80%, respectively).
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is plotted in Figure 2b, showing a decrease 
in conductance with increasing CPEI due to 
decreasing carrier concentration in the film. 
We compare the GCh versus VDevice response 
for three CPEI values: one corresponding to a 
PEDOT:PSS channel with no PEI, one with 
a moderate CPEI of 50 mol%, and one with a 
high CPEI of 80 mol% (Figure 2c). When PEI 
is not present in the PEDOT:PSS channel, the 
linear region of the conductance range falls at 
high VDevice (≈0.6–0.9 V) which is undesirable 
for low-energy device operation. Additionally, 
the increased open-circuit voltage lowers state-
retention time (Figure 2a). When a moderate 
amount of PEI is added via vapor doping the 
linear region is shifted to VDevice = ±0.3 V 
centered around ≈0 V, making it ideal for low 
power operation due to the low potential to 
overcome during programming.[22] For high 
CPEI the linear range of the device is shifted 
further toward −VDevice and the ON/OFF ratio 
is significantly increased within the typical 
operating range of ±0.5 V. The shift in the 
linear region of the conductance range with 
increasing CPEI is likely due to the relative 
shift in channel work function with respect to 
the PEDOT:PSS gate.[48] While an increased 
range is desirable to improve noise tolerance 
of the ENODe,[42] the decreased state-retention 
time and lack of cycling stability diminishes 
the usefulness of the extended conductance  
range.

2.4. Instability Mechanism at Reducing 
Potentials

Identifying the mechanisms that lead to 
shifts in GCh when the gate is left floating 
(i.e., the source-gate terminals are at open 
circuit) is essential to prevent state loss in NVRM devices. We 
propose two distinct instability mechanisms that correspond to 
reducing potentials (+VDevice) and oxidizing potentials (−VDevice), 
i.e., potentials that reduce and oxidize the PEDOT:PSS/PEI 
channel, respectively. We first discuss reducing (+VDevice) 
potentials.

It has previously been shown that PEDOT:PSS thin films 
can react with oxygen to transfer charges in a closed circuit bat-
tery.[49,50] However, based on the instability at reducing poten-
tials (+VDevice), we postulate that the oxidation reaction occurs at 
the channel–electrolyte interface in absence of a closed circuit. 
We propose that oxidation of the channel can be described by 
the following equation

2PEI-H :PSS 2PEDOT
1
2

O 2PEI 2PEDOT :PSS H O0
2

0
2+ + ↔ + ++ − + −

 
(1)

where PEI-H+ corresponds to the protonated amine sites on 
PEI, PEDOT corresponds to the reduced PEDOT monomer 

units, PEI0 corresponds to the neutral amines in PEI, and 
PEDOT+ corresponds to oxidized PEDOT monomer units. 
The proposed reaction is shown in Figure 3a: first, oxygen gas 
(O2) from the environment diffuses into the channel, then 
the O2 strips electrons and protons from PEDOT0 and PEI-
H+, respectively, to form water, maintaining charge neutrality 
throughout the film. Both the electron and proton from the 
film are lost to the parasitic reaction, and thus disconnecting 
the device (i.e., leaving the gate floating) is not sufficient to pre-
vent such a self-discharge reaction, leading to a rapid loss of 
conductance state as observed experimentally (see Figure S1 in 
the Supporting Information).

2.5. Instability Mechanism at Oxidizing Potentials

When the ENODe is charged to an oxidizing potential −VDevice, 
instability is primarily driven by reduction of the PEDOT by 
strongly reducing amines on PEI. Previous reports describe 
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a) Reduced PEDOT is oxidized by atmospheric O2 by removing protons from the amines of 
PEI and forming water, resulting in increase of the conductance GCh. b) Oxidized PEDOT is 
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with PSS− allow PEI to diffuse out of the film leading to cycling instability. d) N1s XPS spectra 
for a pristine PEI/PEDOT:PSS thin film (CPEI = 55 mol%) and the same film after rinsing with 
100 × 10−3 m aqueous KCl solution (CPEI = 32 mol%), showing loss of predominantly neutral 
(low B.E.) nitrogen.
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PEI’s ability to reduce PEDOT in a battery cell[49] and to act as 
an electron donor in organic semiconductors.[50] The electron 
donating character is additionally seen in the UV–vis absorp-
tion spectrum of PEDOT:PSS films with increasing CPEI (see 
Figure S3 in the Supporting Information) and is described by 
the following equation

+ → ⋅ +−
+

−
+R H N: PEDOT R H N PEDOT3 3

0
x x x x  (2)

where RxH3–xN: corresponds to a neutral amine in PEI and 
RxH3–xN⋅+ corresponds to the radical amine left after donating 
an electron, which likely reacts further. When PEDOT is oxi-
dized by programming to −VDevice, the reducing amines donate 
electrons to the oxidized PEDOT chains over time (Figure 3b), 
leading to the observed decrease in GCh (see Figure S1 in the 
Supporting Information). The rate of this reaction, and there-
fore the magnitude of state loss, is determined by the con-
centration of amines, or CPEI, in the PEDOT:PSS film. The 
competing redox reactions lead to the observation of both 
the voltage-dependence and CPEI dependence of ENODe state 
retention. Thus, to balance the effect of the oxidation and 
reduction reactions that can occur, we choose an optimum PEI 
concentration of 50 mol% which gives the longest state reten-
tion over the ENODe programming range.

Finally, the observed cycling instability originates from dif-
fusion of neutral PEI molecules out of the channel due to the 
concentration gradient of PEI from the channel to the aqueous 
electrolyte (Figure 3c,d). This hypothesis is confirmed by 
X-ray photoelectron spectroscopy (XPS) of the amine 1s tran-
sition (N1s) in PEDOT/PEI:PSS before and after rinsing with 
deioni zed (DI) water. In the N1s XPS spectra, two peaks are 

present at ≈400 and ≈402.5 eV corresponding to the neutral 
amine and protonated amine, respectively.[50] Before rinsing, 
the neutral amine peak at 400 eV is ≈2× the area of the pro-
tonated amine peak; however, after rinsing the film with DI 
water, the neutral amine peak area is reduced by ≈ 3×, while the 
protonated amine peak remains relatively unchanged. When 
rinsing, neutral PEI (which is soluble in water) diffuses out of 
the PEDOT/PEI:PSS film due to the concentration gradient. 
However, the protonated PEI molecules are electrostatically 
bound to the sulfonate groups in PSS and therefore remain in 
the film, while the neutral PEI molecules are free to diffuse, 
leading to the selective decrease in neutral amine concentra-
tion after rinsing. As the ENODe is cycled during operation, the 
amines reach a neutral state when protons are removed either 
due to parasitic oxidation or during programming to −VDevice. 
When returning to 0 V, a new equilibrium condition for the 
reaction between PEI and PEDOT is reached due to a change 
in the amine concentration leading to cycling instability (i.e. the 
film is more conductive in its native state). In Sections 2.6 and 
2.7, we discuss the strategies implemented in order to increase 
the state retention and cycling stability of ENODes.

2.6. Preventing Channel Oxidation: Operating in Inert Environment

To eliminate parasitic reactions with environmental oxygen, 
we investigate ENODe operation in an anaerobic environment 
using a nitrogen gas (N2) purged glove-bag. Comparing the 
retention with and without O2, Figure 4a,b shows the state-
retention curves for ENODes measured in air and an inert 
(N2) atmosphere, respectively, using an aqueous electrolyte 
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Figure 4. Comparison of ENODes measured in air and inert atmosphere. Conductance GCh versus time characteristics for a programmed aqueous 
electrolyte ENODe with the source-gate terminal in open-circuit condition measured a) in air and b) in nitrogen (N2) and solid-state electrolyte ENODe 
measured c) in air and d) in nitrogen. ENODe operation in nitrogen results in increased conductance range and improved stability for the reduced 
state. Implementing the solid electrolyte, Nafion, results in a higher baseline conductance with similar programming range (GMax − GMin).
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(100 × 10−3 m KCl). When operating the ENODe in an inert 
atmosphere, we use degassed 100 × 10−3 m KCl bubbled with 
N2 for 2 h prior to measurements to remove dissolved O2 from 
the solution. For comparison, the scale of the y-axis is fixed for 
both graphs. ENODes programmed in air show a limited con-
ductance range and a clear decay in state when the channel is 
programmed to the reduced state (Figure 4a). However, when 
the same device is operated in the absence of O2, the decay is 
nearly negligible, and the conductance range is extended when 
charging the ENODe to the same potential (Figure 4b). We also 
observe that the device operated in N2 can be programmed 
to larger +VDevice while maintaining enhanced state reten-
tion, increasing the nonvolatile conductance range (Figure S4, 
Supporting Information).

2.7. Preventing Diffusion of PEI: Thin-Film Solid-State Electrolyte

To limit the diffusion of PEI out of the PEDOT/PEI:PSS 
channel, we replace the aqueous 100 × 10−3 m KCl electrolyte 
with a Nafion thin-film solid-state electrolyte. By using a thin 
film, the concentration of PEI between the channel and the 
electrolyte can equilibrate, thus eliminating the driving force 
for out-diffusion of PEI. Figure 4c,d shows the state-retention 
measurement for solid-state ENODes in air and in an inert (N2) 
environment, respectively. We observe that the absolute con-
ductance at VDevice = 0 V for ENODes with a solid-state electro-
lyte is increased significantly (by 1.5–2×) compared to ENODes 
with an aqueous electrolyte. This effect occurs during Nafion 
spin coating on the PEDOT/PEI:PSS film; the Nafion resin 
solution dissolves PEI from the channel, causing a decrease 
in CPEI in the channel. The amine concentration in Nafion 
is measured with XPS and CPEI in the channel is computed 
(via conservation of mass) to be ≈25 mol% after spin-coating 
Nafion. This decreased concentration leads to the higher GCh 
and makes the film more susceptible to oxidation, leading to 
poor stability of the reduced PEDOT. However, when the same 
device is operated in an inert environment, both the oxidized 
and reduced PEDOT show increased stability due to the lower 
CPEI and the absence of environmental O2, respectively. Addi-
tionally, this device shows a drift in the native state of ≈0.15% 

after cycling, which is an order of magnitude less than any 
device operated with an aqueous electrolyte.

In order to compare retention and conductance response of 
ENODes in all conditions, Figure 5a,b summarizes the state 
retention and the GCh versus VDevice response of ENODes, 
respectively, for both aqueous (dashed lines) and solid 
electrolyte (solid lines), operated either in air (open circles) or 
in N2 (filled circles). A clear improvement in state retention at 
+VDevice for the inert environment and at −VDevice when using 
a Nafion as a solid-state electrolyte is observed (Figure 5a). 
Furthermore, the conductance range is improved for devices 
operated in N2 compared to air, cf. empty (air) and filled (N2) 
symbols (Figure 5b). This effect is likely due to the elimina-
tion of undesired faradaic reactions with environmental O2 
(leakage pathways) that do not contribute to programming the 
ENODe.[22] As such, enhanced state-retention and cycling sta-
bility can be achieved by implementing solid-state electrolytes 
and operating devices in absence of O2.

We also observe that the solid-state electrolyte reduces the 
conductance range for a fixed voltage window when compared 
to the aqueous electrolyte. This reduction in conductance range 
is attributed to the increased dielectric capacitance associated 
with the thin (330 nm) solid electrolyte which we tentatively 
attribute to a voltage drop between the electrolyte and channel 
(a schematic representation is shown in Figure S5 in the Sup-
porting Information). By combining the two strategies, the 
device state retention is improved by an order of magnitude 
for the lowest stability state, (VDevice = +0.5 V), as compared 
to the aqueous electrolyte ENODe tested in air. Furthermore, 
for the reduced operating range VDevice = ±0.2 V (ensuring 
enhanced linearity),[22] the retention shows nearly an order of 
magnitude improvement (for all VDevice) when using a solid 
electrolyte combined with an inert environment.

2.8. Encapsulation Structure for ENODes

In order to employ both a solid-state electrolyte and inert envi-
ronment without requiring devices to be operated in a glovebox, 
we encapsulate ENODes in an inert environment using an 
epoxy seal and measure the device characteristics in ambient 
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Figure 5. a) state loss (ΔGCh) and b) conductance (GCh) versus programming voltage (VDevice) for aqueous electrolyte (dashed curves, orange) and 
solid-state electrolyte (solid curves, blue) in air (open-circles) and nitrogen (filled-circles). Solid electrolyte improves diffusion stability at oxidizing 
potentials (−VDevice) while inert environment improves oxidation stability at reducing potentials (+VDevice).
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(Figure 6). The encapsulation architecture, which consists of 
sealing the solid-state ENODe in an inert environment (N2) 
with a small amount of water (≈10 µL) between two glass 
slides using an epoxy resin, is shown in Figure 6a. The small 
amount of water is needed to maintain the hydration state of 
Nafion because its ionic conductivity is humidity dependent. 
Figure 6b shows the long-term state retention for the highest 
and lowest VDevice to test the limits of device performance. The 
device conductance does not drop significantly (<5%) until 104 
s (≈2.8 h), but decays significantly after the full measurement 
of 105 s (≈28 h). By defining the desired number of states for 
the device, we can use the curves in Figure 6b to quantify the 
state-retention time. For example, for 100 states the maximum 
tolerable decay is ≈1% of the conductance range, giving a state-
retention time of 250 s for VDevice = +0.5 V (Figure 6b). This 
minimum retention applies only to the edge of the conductance 
range and as such the programming window and state reten-
tion are inherently linked, which we will discuss in Section 2.9.

To understand the long-term stability of the device, we 
also compare the state retention of the ENODe immediately 
after encapsulation (Figure 6c) to the performance of the 
same ENODe device 1 month after encapsulation (Figure 6d). 
We observe a negligible change in ΔGCh/GRange (≈0.009) 
and GRange (≈2.6 mS) of the device, but the absolute conductance 
drops by ≈1.25 mS (17%). The state retention and device con-
ductance remain stable over the course of 30 days after encap-
sulation (shown in Figure S6 in the Supporting Information).

Encapsulation offers a straightforward solution to the state-
retention loss mechanisms elucidated in this work, enabling effi-
cient ENODe operation outside of a glovebox/inert atmosphere. 

Additionally, encapsulating the required moisture enables 
ENODe operation in dry environments with stability of >1 month 
(Figure 6d). We note that there remain ample margins of 
improvement on encapsulation; however, these results outline 
the necessary steps toward all-solid-state organic neuromorphic 
devices with improved state-retention and long-term device 
stability required for integration into hardware-based ANN.

2.9. Trade-Offs Between Conductance Range and  
State-Retention Time

There is an intrinsic trade-off between conductance range and 
retention time: the states at the edge of the conductance range 
have shorter retention times, while the states near VDevice = 0 V 
have longer retention times, as shown in Figure 7a. This behavior 
is caused by the rate of state loss dropping exponentially as VDevice 
approaches 0 V, i.e., when there is no driving force for parasitic 
redox reactions. As such, it can be beneficial in specific cases to 
reduce the number of conductance states to significantly increase 
the retention time. In order to select the optimal operating range 
for an ENODe, we compare how the state-retention time depends 
on conductance range and number of desired states (NStates). 
This comparison is made for a device without read/write noise 
(Figure 7b) and with a constant noise level (GNoise) of 0.5% of the 
total GRange (Figure 7c), which corresponds to GNoise = 0.0136 mS 
for the encapsulated ENODe. We use a GNoise = 0.5% of the total 
GRange because it is considered the upper limit for noise tolerance 
in neuromorphic applications.[30] The contour plots in Figure 7b,c 
are generated by extrapolating the rate of state loss (dGCh/dt) at 
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Figure 6. Long-term stability of an encapsulated ENODe. a) Schematic describing the encapsulated ENODe and layers including a glass slide with 
thermally evaporated gold contacts coated with a PEI/PEDOT:PSS channel and PEDOT:PSS gate, then a layer of Nafion, then an ≈10 µL drop of water, 
capped by a glass slide glued with epoxy, b) semi-logarithmic plot of long-term state retention at the largest programming conditions (±0.5 V) for an 
encapsulated ENODe measured for 105 s (27.8 h). State-retention curves for an encapsulated ENODe c) 3 days and d) 30 days after encapsulation in 
an inert (N2) environment show virtually equivalent state retention and conductance range 30 days after encapsulation.
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each measured conductance state (following the exponential fit 
outlined above) and then computing the state-retention time for 
the least stable state within the conductance range (i.e., the state 
at the highest VDevice). More specifically, for each combination of 
GRange and NStates, we can compute the state width (and therefore 
tolerable change in state, ΔGState) by dividing GRange by NStates. 
When considering noise, we must also subtract the noise level 
from this term to get the ΔGState using the following equation

G
G

N
GState

Range

States
NoiseΔ = −

 
(3)

Figure S7 in the Supporting Information schematically illus-
trates how read/write noise reduce the state-retention time. We 
use the extrapolated dGCh/dt versus GCh to iteratively compute the 
conductance over time until the least stable state decays by ΔGState 
(computed with Equation (3)). As expected, when neglecting noise, 
we observe that the state retention time always increases when 
using a reduced GRange due to slower state decay (Figure 7a). 
However, when a small amount of noise is introduced, there is 
an optimal intermediate GRange for ENODes with >20 states 
(Figure 7c). The existence of an optimum is due to the com-
pounding effect of state-retention time and read/write noise. A 
wider GRange gives more space per state to accommodate the fixed 
GNoise, resulting in a substantially larger ΔGState compared to using 
a narrow GRange with a fixed GNoise, where the latter enables longer 
state-retention time. Therefore, when operating an ENODe it is 
critical to select the GRange based on the read/write noise of the pro-
gramming circuit, leaving a tradeoff between the number of states 
that can be defined and the state-retention time. In this work, we 
focus on improving state retention for a large GRange to optimize 
ENODes for neuromorphic applications where 50–100 states are 
desired, but it is important to consider that a reduced range may 
be preferred in applications where fewer states are sufficient.

3. Conclusion

In this work, we have enhanced the state-retention and long-term 
stability of PEI/PEDOT:PSS solid-state ENODes, opening a 
pathway for ENODe integration in a crossbar array to be used 
for ANN computation. By encapsulating ENODes, we achieve a 

state-retention time of 250 and 680 s for a device with 100 and 
50 accessible resistance states (loss of 1% and 2% of the con-
ductance range), respectively, showing greater than an order of 
magnitude improvement over devices operated with aqueous 
electrolyte in air. Additionally, we demonstrate considerable 
improvement in device cycling stability following encapsula-
tion, from 5.2% conductance drift after one cycle when using 
aqueous electrolyte to only 0.14% for an encapsulated device. 
Device encapsulation also improves the conductance–voltage 
(GCh vs VDevice) response of the ENODe by eliminating the Fara-
daic pathway for leakage currents and reducing the overall device 
power consumption. The dominant source of state instability 
in ENODes is the competing redox reactions of environmental 
oxygen and reducing amines, which can be alleviated by oper-
ating the device in an inert atmosphere and optimizing the amine 
content. The cycling instability results from out-diffusion of PEI 
from the channel into the electrolyte, which can be prevented  
by using a solid-state electrolyte, as we have demonstrated.

The principles outlined in this work are general and relevant 
to a broad class of redox-polymer devices, including superca-
pacitors, OECTs, and all-polymer batteries. By isolating polymer 
films from sources of parasitic reactions, such as environmental 
oxygen or diffusion sinks, the redox-state stability, and there-
fore conductance-state stability is vastly improved. Future work 
should focus on identifying improved epoxy resins or employing 
entirely new materials to further reduce the rate of oxygen diffu-
sion to the redox-gated polymer film as well as possibly imple-
menting cross-linking of the amine additives to reduce their 
mobility. Furthermore, the channel/solid-state-electrolyte inter-
face should be optimized to minimize the voltage drop incurred 
across the channel-gate distance to improve the GCh versus  
VDevice response and GMax/GMin (ON/OFF) ratio for lower power 
consumption and improved noise tolerance, respectively. Finally, 
future investigations aim to improve the understanding of para-
sitic reaction kinetics in redox-gated polymer devices to design 
chemical interactions that minimize parasitic leakage currents.

4. Experimental Section
Device Fabrication: Device fabrication consisted of cleaning 

2 cm × 2 cm polished indium tin oxide (ITO) coated glass slides 
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Figure 7. a) ENODe state-retention time as a function of utilized conductance range (GRange) for increasing number of conductance states (NStates). 
Dotted lines are from current–time (ISD–t) traces of a solid-state ENODe operated in air, and the blue contour lines are determined by finding the point 
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(Xin Yang Technology Ltd.) with soap, acetone, methanol, and ethanol. 
Next, PEDOT:PSS (Hereaus, Clevios PH 1000) aqueous solution was 
prepared by adding 6 wt% ethylene glycol (EG, Sigma-Aldrich), 0.1 wt% 
dodecylbenzene sulfonic acid (Sigma-Aldrich) as a surfactant, and 
1 wt% (3-glycidyloxypropyl) trimethoxysilane (Sigma-Aldrich) as a cross-
linking agent to improve mechanical stability. PEDOT:PSS solution was 
spun on the ITO-coated glass slide at 1000 RPM for 2 min and baked at 
120 °C for 20 min. To prepare the ENODe channels, PEDOT:PSS films 
were placed in a sealed glass chamber consisting of PEI (Sigma-Aldrich) 
heated by a hotplate (Thermo Fisher) for 5 min. PEI concentration 
was controlled by varying the hotplate temperature (175–300 °C). A 
PEI/PEDOT:PSS film and PEDOT:PSS film were placed together with a 
polydimethylsiloxane (PDMS) well (3m) to comprise the channel and 
gate of the device, respectively, and were connected with an aqueous 
electrolyte (100 × 10−3 m KCl) and capped with PDMS (see Figure S8 in 
the Supporting Information).

Solid-state devices were prepared by evaporation of gold contacts to 
make up the source, drain, and gate electrodes on a 1 in.2 glass slide 
(Thermo Fisher). The PEDOT:PSS solution was spun on the slide at 
1000 RPM for 2 min and baked at 120 °C for 20 min. The PEDOT:PSS 
between the channel and gate was removed using a razorblade and the 
channel was selectively dedoped with PEI vapor at 250 °C by masking 
the gate with PDMS before introducing the sample to the PEI vapor 
chamber. Nafion resin (5% in water and aliphatic alcohols, Sigma-
Aldrich) was spun on the device at 2000 RPM to give a ≈330 nm thick 
film, comprising the solid electrolyte. The solid-state device was hydrated 
with deionized water for >2 h prior to device operation.

Retention Measurements: State-retention measurements were carried 
out with a Keithley 2612B source-measure unit with custom LabView 
code. Devices were programmed to a desired gate voltage (VG) for a 
time t = 60–120 s (to ensure complete charging) through a 1 kΩ resistor 
before disconnecting the gate and measuring source–drain current (ISD) 
for 5 min with an applied source–drain voltage (VSD) of −0.05 V. It is 
confirmed that the continuous read voltage does not contribute to the 
loss of state of the ENODe by probing the state retention with intermittent 
reads (Vread = −50 mV, tread = 5 s), showing similar state retention as the 
continuous read case (Figure S9 in the Supporting Information).

Inert Environment and Encapsulation: ENODes were tested in a 
glovebag (AtmosBag, Sigma-Aldrich) with constant nitrogen flow (Praxair, 
99.998% purity) to obtain an inert atmosphere. The electrolyte consisted 
of 100 × 10−3 m potassium chloride (KCl) aqueous solution degassed 
with nitrogen for 2 h before introduction to the glovebag environment. 
Devices were encapsulated in an inert environment using a two-part 
epoxy (DevCon) and a capping glass slide with a drop of deionized water 
(bubbled with nitrogen) to ensure a fully hydrated electrolyte. The device 
was stored in a dry, dark environment between measurements.

XPS Measurements: To measure PEI concentration, XPS was carried out 
with a PHI Versaprobe III with an aluminum kα X-ray source focused to a 
spot size 200 µm × 200 µm under vacuum at a base pressure of 10−6 Pa. 
Films were presputtered with an argon gas cluster ion beam accelerated 
to 5 kV for 5 min prior to measurement to measure at a depth of ≈80 nm 
below the surface of the film. The PEI monomer concentration with 
respect to PEDOT monomer concentration was extracted from the relative 
atomic concentrations of N1s in PEI and S2p in PEDOT:PSS using peak 
fitting, where it was assumed that the PEDOT:PSS ratio was fixed at 1:2.5. 
The calculations were outlined in Text S1 in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
The authors would like to thank A. Alec Talin and Elliot J. Fuller for the 
thoughtful discussions. Part of this work was performed at the Stanford 

Nano Shared Facilities (SNSF), supported by the National Science 
Foundation under award ECCS-1542152. S.T.K. was supported by an 
Office of Technology Licensing Stanford Graduate Fellowship. A.M. 
gratefully acknowledges support from the Knut and Alice Wallenberg 
Foundation (KAW 2016.0494) for Postdoctoral Research at Stanford 
University. A.S. acknowledges support from the National Science 
Foundation and the Semiconductor Research Corporation, Awards ECCS 
1739795 and DMR1507826.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
artificial synapse, neural network, PEDOT:PSS, polymer semiconductor, 
resistive memory

Received: September 28, 2018
Revised: November 8, 2018

Published online: November 28, 2018

[1] A. Esteva, B. Kuprel, R. A. Novoa, J. Ko, S. M. Swetter, H. M. Blau, 
S. Thrun, Nature 2017, 542, 115.

[2] B. M. Lake, R. Salakhutdinov, J. B. Tenenbaum, Science 2015, 350, 
1332.

[3] V. Mnih, K. Kavukcuoglu, D. Silver, A. A. Rusu, J. Veness, 
M. G. Bellemare, A. Graves, M. Riedmiller, A. K. Fidjeland, 
G. Ostrovski, S. Petersen, C. Beattie, A. Sadik, I. Antonoglou, 
H. King, D. Kumaran, D. Wierstra, S. Legg, D. Hassabis, Nature 
2015, 518, 529.

[4] D. Silver, A. Huang, C. J. Maddison, A. Guez, L. Sifre, 
G. van den Driessche, J. Schrittwieser, I. Antonoglou, 
V. Panneershelvam, M. Lanctot, S. Dieleman, D. Grewe, J. Nham, 
N. Kalchbrenner, I. Sutskever, T. Lillicrap, M. Leach, K. Kavukcuoglu, 
T. Graepel, D. Hassabis, Nature 2016, 529, 484.

[5] D. Silver, J. Schrittwieser, K. Simonyan, I. Antonoglou, A. Huang, 
A. Guez, T. Hubert, L. Baker, M. Lai, A. Bolton, Y. Chen, T. Lillicrap, 
F. Hui, L. Sifre, G. Van Den Driessche, T. Graepel, D. Hassabis, 
Nature 2017, 550, 354.

[6] A. Banino, C. Barry, B. Uria, C. Blundell, T. Lillicrap, P. Mirowski, 
A. Pritzel, M. J. Chadwick, T. Degris, J. Modayil, G. Wayne, 
H. Soyer, F. Viola, B. Zhang, R. Goroshin, N. Rabinowitz, 
R. Pascanu, C. Beattie, S. Petersen, A. Sadik, S. Gaffney, H. King, 
K. Kavukcuoglu, D. Hassabis, R. Hadsell, D. Kumaran, Nature 2018, 
557, 429.

[7] P. A. Merolla, J. V Arthur, R. Alvarez-Ieaza, A. S. Cassidy, J. Sawada, 
F. Akopyan, B. L. Jackson, N. Imam, C. Guo, Y. Nakamura, 
B. Brezzo, I. Vo, S. K. Esser, R. Appuswamy, B. Taba, A. Amir, 
M. D. Flickner, W. P. Risk, R. Manohar, D. S. Modha, Science 2014, 
345, 668.

[8] C. Mead, Proc. IEEE 1990, 78, 1629.
[9] T. Roska, L. O. Chua, IEEE Trans. Circuits Systs. II: Analog Digital 

Signal Process. 1993, 40, 163.
[10] R. Douglas, M. Mahowald, C. Mead, Annu. Rev. Neurosci. 1995, 18, 

255.
[11] L. O. Chua, IEEE Trans. Circuit Theory 1971, 18, 507.
[12] D. B. Strukov, G. S. Snider, D. R. Stewart, R. S. Williams, Nature 

2008, 453, 80.
[13] T. M. Taha, R. Hasan, C. Yakopcic, M. R. McLean, Proc. Int. Jt. Conf. 

Neural Networks, IEEE, Dallas, Texas, USA 2013, p. 2633.



www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800686 (10 of 10)

www.advelectronicmat.de

Adv. Electron. Mater. 2019, 5, 1800686

[14] J. J. Yang, D. B. Strukov, D. R. Stewart, Nat. Nanotechnol. 2013, 8, 
13.

[15] S. Agarwal, T. T. Quach, O. Parekh, A. H. Hsia, E. P. DeBenedictis, 
C. D. James, M. J. Marinella, J. B. Aimone, Front. Neurosci. 2016, 9, 
484.

[16] M. Prezioso, F. Merrikh-Bayat, B. D. Hoskins, G. C. Adam, 
K. K. Likharev, D. B. Strukov, Nature 2015, 521, 61.

[17] A. Fumarola, P. Narayanan, L. L. Sanches, S. Sidler, J. Jang, 
K. Moon, R. M. Shelby, H. Hwang, G. W. Burr, 2016 IEEE Int. Conf. 
Rebooting Comput. ICRC 2016—Conf. Proc., IEEE 2016.

[18] G. W. Burr, R. M. Shelby, A. Sebastian, S. Kim, S. Kim, S. Sidler, 
K. Virwani, M. Ishii, P. Narayanan, A. Fumarola, L. L. Sanches, 
I. Boybat, M. Le Gallo, K. Moon, J. Woo, H. Hwang, Y. Leblebici, 
Adv. Phys. 2017, 2, 89.

[19] M. Hu, C. E. Graves, C. Li, Y. Li, N. Ge, E. Montgomery, N. Davila, 
H. Jiang, R. S. Williams, J. J. Yang, Q. Xia, J. P. Strachan, 
Adv. Mater.30,  2018, 1705914.

[20] E. J. Fuller, F. El Gabaly, F. Léonard, S. Agarwal, S. J. Plimpton, 
R. B. Jacobs-Gedrim, C. D. James, M. J. Marinella, A. A. Talin, 
Adv. Mater. 2017, 29, 1604310.

[21] Y. van de Burgt, E. Lubberman, E. J. Fuller, S. T. Keene, G. C. Faria, 
S. Agarwal, M. J. Marinella, A. Alec Talin, A. Salleo, Nat. Mater. 
2017, 16, 414.

[22] S. T. Keene, A. Melianas, E. J. Fuller, Y. van de Burgt, A. A. Talin, 
A. Salleo, J. Phys. D: Appl. Phys. 2018, 51, 224002.

[23] S. Menzel, U. Böttger, M. Wimmer, M. Salinga, Adv. Funct. Mater. 
2015, 25, 6306.

[24] G. Cellot, P. Lagonegro, G. Tarabella, D. Scaini, F. Fabbri, S. Iannotta, 
M. Prato, G. Salviati, L. Ballerini, Front. Neurosci. 2016, 9, 1.

[25] V. Erokhin, 2013 IEEE 20th Int. Conf. on Electronics, Circuits, and 
Systems (ICECS), IEEE 2013, pp. 305–308.

[26] B. C. Das, B. Szeto, D. D. James, Y. Wu, R. L. McCreery, J. Electrochem. 
Soc. 2014, 161, H831.

[27] B. C. Das, R. G. Pillai, Y. Wu, R. L. Mccreery, ACS Appl. Mater. 
Interfaces 2013, 5, 11052.

[28] Y. Zhou, S. T. Han, P. Sonar, V. A. L. Roy, Sci. Rep. 2013, 3, 1.
[29] F. Alibart, S. Pleutin, O. Bichler, C. Gamrat, T. Serrano-Gotarredona, 

B. Linares-Barranco, D. Vuillaume, Adv. Funct. Mater. 2012, 22, 609.
[30] Y. van de Burgt, A. Melianas, S. T. Keene, G. Malliaras, A. Salleo, 

Nat. Electron. 2018, 1, 386.
[31] J. Rivnay, P. Leleux, M. Sessolo, D. Khodagholy, T. Hervé, 

M. Fiocchi, G. G. Malliaras, Adv. Mater. 2013, 25, 7010.

[32] P. Gkoupidenis, N. Schaefer, B. Garlan, G. G. Malliaras, Adv. Mater. 
2015, 27, 7176.

[33] P. Gkoupidenis, N. Schaefer, X. Strakosas, J. A. Fairfield, 
G. G. Malliaras, Appl. Phys. Lett. 2015, 107, 263302.

[34] P. Gkoupidenis, D. A. Koutsouras, G. G. Malliaras, Nat. Commun. 
2017, 8, 15448.

[35] W. Xu, S. Min, H. Hwang, T. Lee, Sci. Adv. 2016, 2, e1600964.
[36] C. Qian, J. Sun, L. A. Kong, G. Gou, J. Yang, J. He, Y. Gao, Q. Wan, 

ACS Appl. Mater. Interfaces 2016, 8, 26169.
[37] C. Wu, T. W. Kim, H. Y. Choi, D. B. Strukov, J. J. Yang, Nat. Commun. 

2017, 8, 752.
[38] G. Tarabella, P. D’Angelo, A. Cifarelli, A. Dimonte, A. Romeo, 

T. Berzina, V. Erokhin, S. Iannotta, Chem. Sci. 2015, 6, 2859.
[39] F. Santoro, Y. Van De Burgt, S. T. Keene, B. Cui, A. Salleo, ACS Appl. 

Mater. Interfaces 2017, 9, 39116.
[40] B. Winther-Jensen, O. Winther-Jensen, M. Forsyth, 

D. R. MacFarlane, Science 2008, 321, 671.
[41] Y. Zhou, C. Fuentes-hernandez, J. Shim, J. Meyer, A. J. Giordano, 

H. Li, P. Winget, T. Papadopoulos, H. Cheun, J. Kim, M. Fenoll, 
A. Dindar, W. Haske, E. Najafabadi, T. M. Khan, H. Sojoudi, 
S. Barlow, S. Graham, J. Brédas, S. R. Marder, A. Kahn, B. Kippelen, 
Science 2012, 336, 327.

[42] S. Agarwal, S. J. Plimpton, D. R. Hughart, A. H. Hsia, I. Richter, 
J. A. Cox, C. D. James, M. J. Marinella, 2016 Int. Joint Conf. on Neural 
Networks (IJCNN), IEEE, Vancouver, BC, Canada 2016, pp. 929–938.

[43] L. Qin, Q. Tao, A. El Ghazaly, J. Fernandez-Rodriguez, 
P. O. Å. Persson, J. Rosen, F. Zhang, Adv. Funct. Mater. 2018, 28, 1.

[44] M. Sterby, R. Emanuelsson, X. Huang, A. Gogoll, M. Strømme, 
M. Sjödin, Electrochim. Acta 2017, 235, 356.

[45] D. Moia, A. Giovannitti, A. A. Szumska, M. Schnurr, E. Rezasoltani, 
I. P. Maria, P. R. F. Barnes, I. Mcculloch, J. Nelson, arXiv:1711.10457 
[physics.app-ph] 2017, 1.

[46] A. Giovannitti, D.-T. Sbircea, S. Inal, C. B. Nielsen, E. Bandiello, 
D. A. Hanifi, M. Sessolo, G. G. Malliaras, I. McCulloch, J. Rivnay, 
Proc. Natl. Acad. Sci. USA 2016, 113, 12017.

[47] J. Rivnay, S. Inal, A. Salleo, R. M. Owens, M. Berggren, 
G. G. Malliaras, Nat. Rev. Mater. 2018, 3, 17086.

[48] S. E. Doris, A. Pierre, R. A. Street, Adv. Mater. 2018, 30, 1706757.
[49] Y. Xuan, M. Sandberg, M. Berggren, X. Crispin, Org. Electron. Phys. 

Mater. Appl. 2012, 13, 632.
[50] S. Fabiano, S. Braun, X. Liu, E. Weverberghs, P. Gerbaux, 

M. Fahlman, M. Berggren, X. Crispin, Adv. Mater. 2014, 26, 6000.


