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Hybrid 3D/Inkjet-Printed Organic Neuromorphic Transistors

Tanyaradzwa N. Mangoma,* Shunsuke Yamamoto, George G. Malliaras,

and Ronan Daly*

Organic electrochemical transistors (OECTs) are proving essential in bioelec-
tronics and printed electronics applications, with their simple structure, ease
of tunability, biocompatibility, and suitability for different routes to fabrica-
tion. OECTs are also being explored as neuromorphic devices, where they
emulate characteristics of biological neural networks through co-location of
information storage and processing on the same unit, overcoming the von
Neumann performance bottleneck. To achieve the long-term vision of trans-
lating to inexpensive, low-power computational devices, fabrication needs

to be feasible with adaptable, scalable digital techniques. Here, a hybrid
direct-write additive manufacturing approach to fabricating OECTs is shown.
3D printing of commercially available printing filament is combined to deliver
conducting and insulating layers, with inkjet printing of semiconducting thin
films to create OECTs. These printed OECTs show depletion mode operation
paired-pulse depression behavior and evidence of adaptation to support their
translation to neuromorphic devices. These results show that a hybrid of
accessible and design-flexible AM techniques can be used to rapidly fabricate
devices that exhibit good OECT and neuromorphic performances.

1. Introduction

Organic electrochemical transistors (OECTS) are receiving a
great deal of attention owing to their simple structure, tun-
ability, biocompatibility, and the ease of deposition of organic
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components.!! They consist of an organic
semiconductor thin film  patterned
between two electrodes, the source and the
drain. The semiconductor thin film is in
contact with an electrolyte in which a gate
electrode is immersed. With application
of a gate voltage (V), ions from the elec-
trolyte enter the semiconductor, changing
its doping state and conductivity, which
in turn changes the current that flows
between the source and the drain (drain
current, Ip).2l This volumetric doping
mechanism is highly efficient, leading to
large changes in I for small changes in
Vi. As a result, OECTs show very high
transconductance (g, = dIp/d V), which
is a parameter that governs signal ampli-
fication.®] The response time, however,
for OECTS is typically quite slow, as ions
must penetrate through the entire film.[
This combination of characteristics makes
OECTs suitable for applications in bioelec-
tronics and some areas of large-area elec-
tronics, most notably printable electronics.[>6]

Recently, the characteristics of OECTs have also led to them
being explored as neuromorphic devices.”8 These are devices
that emulate processing functions observed in biological neural
networks and are being developed for computing systems that
consume less power and overcome the von Neumann perfor-
mance bottleneck.’) An identifying characteristic of biological
neural networks is that storage and processing of information
is co-located on the same unit.') One manifestation of this is
Hebbian learning, according to which synaptic connections
become more efficient upon repeated stimulation of the post-
synaptic by the pre-synaptic neuron (neurons that fire together
wire together).'!l This property can be captured in OECTS,
when repeated voltage pulses at the gate (the equivalent of the
pre-synaptic input) lead to ion accumulation in the semicon-
ductor, thereby have a cumulative effect on the drain current
(the post-synaptic output). Leveraging this property, processing
functions including synaptic plasticity, orientational selectivity,
and homeoplasticity have been demonstrated with OECTs.[1213]

Photolithography is still by far the most commonly reported
approach for fabricating OECTs.>"* I However, the simple
structure of OECTs and the ease of formulation of organic mate-
rials into different material formats have enabled fabrication
using a variety of manufacturing techniques, such as screen
printing, spin coating, inkjet printing, and gel extrusion.®-22
Photolithography is highly efficient, with excellent yields, high
achievable resolution, and scalability, but in research and also
low-volume, late-stage manufacturing, there is often a greater
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Figure 1. An additively manufactured OECT device. a) Schematic of the designed OECT. b) Images of the 3D and inkjet-printed device showing the 3D
printed conducting electrodes and insulating layer, and the region of the inkjet-printed PEDOT:PSS. The electrolyte is also indicated. An inset shows
device with a well attached for more controlled electrolyte containment, c) illustrating device flexibility.

need for rapid design change and digitally enabled direct-write
techniques.?3 In this study, we propose an accessible, hybrid
direct-write additive manufacturing approach to fabricating
OECTs. We prepare electrodes and dielectric layers using
standard inexpensive 3D printers, specifically fused deposition
modeling (FDM) and commercially available materials. The
semiconductor thin film is added by inkjet printing, a more
precise deposition tool. This combination enables fabrication of
neuromorphic OECTs that operate in the depletion regime and
exhibit the neuromorphic processing functions of paired-pulse
depression and adaptation.

2. Results and Discussion

2.1. Overview of Device Structure

Figure 1 shows an illustration and images of the additively
manufactured OECT, with details of the hybrid additive fabri-
cation technique outlined in the Experimental Section. An ini-
tial base layer of insulating thermoplastic co-polyester (TPC) is
deposited by FDM. A conducting carbon-filled polylactide resin
composite(c-PLA) is then used to create the source and drain
electrodes on top of the insulating layer, again by FDM. Inkjet
printing is used to deposit a commercially available doped sem-
iconductor, PEDOT:PSS, to behave as the active layer, bridging
the ¢-PLA source and drain electrodes. Finally, TPC is further
deposited by FDM to first insulate the electrodes and second,
to create a well to contain the electrolyte (phosphate-buffered
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saline (PBS)). Finally, an Ag/AgCl pellet is used as the gate elec-
trode and the device is biased as shown in Figure 1a. Figure 1b,c
shows images of a device before the well is deposited (a device
with a well is shown in the inset of Figure 1b). The devices are
35 mm in length. An optical micrograph of a cross section of
the channel region, including electrodes and insulating layers,
is presented in Figure S1, Supporting Information.

2.2. OECT Characterization

Twelve devices were fabricated and tested for the architec-
ture shown in Figure 1. Figure 2 shows transistor character-
istics from one of the printed OECT devices that were used
to carry out all the measurements in this publication. These
findings are representative of typical characteristics seen from
all printed devices. The transient to steady state behavior of
the gate (I) and drain currents (Ip) to a gate pulse are shown
in Figure 2a. The device was biased to a drain voltage (Vp) of
-900 mV, and a gate pulse of 800 mV was applied for 200 s.
The gate current appears only when the transistor is switched
on or off. This is consistent with the fact that the gate cur-
rent is caused by ions injected from the electrolyte into
the semiconductor and vice versa. The drain current, on the
other hand, shows a significant decrease that persists for the
duration of the gate pulse. This is consistent with the fact
that PEDOT:PSS is a p-type organic semiconductor that gets
de-doped by cations upon the application of a negative gate
voltage. It should be noted that the spikes seen in the drain

© 2020 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 2. Transistor characteristics of the device. a) Response to a single gate pulse. Amplification in I4 can be seen. A spike and recovery characteristic
can be seen around T =0, indicating neuromorphic behavior in the device. b,c) Output and transfer characteristics obtained from the device. Results
verify that hybrid inkjet and 3D printing techniques can be used to fabricate transistors.

current during the turn-on/turn-off of the gate voltage arise
from the gate current being added to the drain current, due
to the common source biasing configuration.”? A slight
non-zero I current is also seen at t < 0 and is due to typ-
ical background Faradaic processes seen in OECTs.[””l The
output characteristics of the OECT are shown in Figure 2b. A
series of gate voltages from 0 to 800 mV with a step voltage of
50 mV were applied and I, was collected as V, was gradually
varied from 0 to -1 V. A 10 s delay between sourcing voltage
and measuring current was used for each voltage step to
allow the device to reach a steady state timescale where tran-
sistor characteristics can be observed. Additional hysteresis
sweeps are provided in Figure S4, Supporting Information.
Finally, Figure 2c shows the transfer curve and the associated
transconductance. A small hysteresis is observed as the gate
voltage is scanned up and then down. Finally, Figure 2c shows
the transfer curve and the associated transconductance. A
small hysteresis is observed as the gate voltage is scanned up
and then down. This can be attributed to the timescale used in
the accusation of data. Overall, these characteristics are typical
for depletion mode operation, demonstrating the successful
fabrication of OECTs using this hybrid FDM/inkjet printing
approach to fabrication.
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2.3. Neuromorphic Behavior

It is also found that the printed OECTs can perform neuromor-
phic processing functions, as shown in Figure 3. First, a paired-
pulse depression (PPD) is demonstrated in Figure 3a, where
two stimuli elicit different responses as the system retains the
memory of the first stimulus.”?°-3! In neuromorphic devices,
this is modeled by a pair of pulses separated by a time interval
At, applied here at the gate electrode. Two pulses with ampli-
tude of 500 mV, a width of 10 s, and At was 10 s are applied at
the gate under a constant V of =500 mV. The resultant Iy, is
shown to exhibit two corresponding spikes A; and A,, indicated
with arrows in the inset of Figure 3a. During the second spike,
the modulation in the current is smaller, indicating that the
OECT maintains the memory of the first spike. The depend-
ence of this memory on At is also shown in Figure 3a. As At
is varied from 0.5 to 80 s, the normalized modulation in the
amplitude of the second spike decreases. This is typical PPD
behavior, where the memory of the first spike fades away as the
interval between the two spikes increases.

The second neuromorphic processing function is that of
adaptation.’®32 Studies in visual,®¥ auditory,*¥ and olfac-
tory®! functions have shown that adaptation is an efficient

© 2020 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 3. Neuromorphic properties of the printed device. a) I, depression percentage as a function of pulse interval At. Frequency resolution can
be seen in the learning characteristics of the device (insert). A pair-pulsed-depression response at At =10 s. b) Adaptation in OECTs. A train of V
pulses is applied to the device and the I, is measured as a function of time. The device initially gives a spike timing-dependent plasticity (STDP) and

subsequently adapts.

learning mechanism that tracks rapid information changes
while encoding basic context.192832734 A train of pulses with
an amplitude of 500 mV, a width of 10 s, and separated by a
time interval of 100 ms was applied to the gate electrode and
Figure 3b shows the resulting adaptation in the drain current
of the OECT. On application of the first pulse, the drain cur-
rent changes to a new steady state, while on application of the
subsequent pulses, this change decreases and eventually disap-
pears, i.e., the current adapts to a new steady-state value. This is
because injected cations have insufficient time to return to the
electrolyte before a new pulse arrives. At the same time, spikes
in the current during the turn-on/turn-off of the gate voltage
show the device can still capture basic context in rapid informa-
tion changes.

2.4. Discussion

The results presented above show that a hybrid of acces-
sible and design-flexible AM techniques can be used to
rapidly fabricate devices that exhibit good OECT and neuro-
morphic performance. One significant advantage of digitally
manufactured OECTs is the fact that their performance and
geometrical design can be rapidly optimized to suit a given
application. For example, the response time is proportional
to the volume of the semiconductor film, while the transcon-
ductance scales as w x d/L, where d is the thickness of the
semiconductor film, w is the width of the source and drain
electrodes, and L is their distance.3% In this work, we have
focused entirely on large channel lengths. This results in
longer electron transit times and slower transistor characteris-
tics. We see this in the comparatively longer timescales in the
transient responses of the devices reported here. This ability
for rapid design change is anticipated to enable neuromor-
phic devices with tailored responses, which will be explored in
future work as we refine channel dimensions. One limitation
in the current design is the high resistivity (=0.18 Q m) of the
printed thermoplastic polymer, c-PLA, meaning that there is
currently significant resistive loss across the source and drain
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electrodes. However, the palette of materials used for FDM is
rapidly expanding and recent research and commercialization
activities have shown alternative 3D-printing thermoplastic
filaments with lower resistivity values down to 0.006 Q m, by
integrating metallic nanostructures or 2D conducting mate-
rials such as graphene or large carbon platelets.’”~* Initial
tests with other architectures have shown the approach to be
very robust. It will, however, be critical to study further the
role of printing direction, layer thickness, and alternative
materials on the yield, repeatability, and long-term stability of
these devices.

3. Conclusion

Hybrid additive manufacturing systems that combine FDM
with inkjet printing are in their early stages of development,
with most systems being built to enable color patterning of 3D
printed structures.'#? The advantages of FDM/inkjet hybrid
approaches have already been noted for integration of con-
ductive paths.'®] Both direct-write technologies are already
scalable, suitable for fabricating structures with hundreds of
layers, and have well-understood formulation and filament/ink
requirements.}’ 04641 The work here using standard materials
and techniques to fabricate OECTs and to demonstrate neuro-
morphic behavior demonstrates a clear path for translation to
more complex structures and devices that can then progress to
applications in bioelectronics.[#®]

In conclusion, we showed that a digitally enabled hybrid
approach to additive manufacturing, combining FDM with
inkjet printing, can be used to rapidly fabricate neuromorphic
transistors with commercially available materials. The OECTs
showed clear depletion-mode operation, paired-pulse depres-
sion behavior, and evidence of adaptation to support this con-
clusion. Given the mechanical and architectural flexibility of a
hybrid FDM/inkjet printing technique, it is anticipated that this
work will enable integration of bioelectronics and neuromor-
phic behavior into personalized, multilayer devices created by
additive manufacturing.

© 2020 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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4. Experimental Section

Printing: The device was designed using Autodesk Inventor CAD
software and exported as STL files.[*>:0]

FDM printing software, CURA, was the used to transform the STL
file into G-code that was used to print the device.*>>% A dual extrusion
Ultimaker 3 3D printer was used to deposit insulating and conducting
polymer filament forming the electrodes and housing of the device. The
3D printer used AA 0.4 print cores with 2.85 mm diameter filament. The
total length of the device was 35 mm. The channel length of the device
was 3 mm long with a width of 10 mm. The targeted layer thickness
for all the 3D printing was constant at 0.06 mm. The lateral resolution
targeted was 0.35 mm. All parts were printed using 100% infill.

Materials for 3D Printing: For the FDM insulating components,
thermoplastic co-polyester (TPC) trade named Natural FLEX 45 from
RS components was used. The material was selected as it exhibits good
mechanical flexibility, durability, and good resistance to chemicals. To
characterize the material, 20 X 10 mm? of 0.06 and 0.3 mm thicknesses
were printed. The samples were then sputtered with Pt to make
conductive pads on both sides of the material. Measurements were then
taken across the thickness of the material using the Keithley 4200A-SCS
Parameter Analyzer. Measurements showed that the dielectric properties
of the material were maintained up to =50 V for print thicknesses of
0.06 mm. A composite polylactide resin (PLA) incorporated with carbon
black and additional black conducting compound from Proto-Pasta was
used to form conducting components of the device. To characterize
the material, five batches of electrodes were fabricated. Each batch
had 12 electrodes covering a range of lengths (L), widths (W), and
thicknesses (T) and were 3D printed using the c-PLA. Two-point
resistance measurements were obtained using a Keysight bench digital
multimeter, with examples in Figure S5, Supporting Information. From
the measurements, resistivity was calculated, using measured values of
the geometry, as 0.181 Q m with a standard deviation of £0.029 Q m
across all electrodes. The conductivity and mass of the printed materials
was monitored with exposure to electrolyte for 21 days and no changes
were observed, indicating stability over the lifetime of the experiments
reported.

Inkjet Printing: Inkjet printing was carried out with a FUJIFILM
Dimatix Materials Printer DMP-2850, using the 10 pL Fuji Film Dimatix
Materials printhead. Prior to printing, to enable thin film formation
across the channel, a corona treatment setup (Lab System IV, LabTec)
was used with a setting of 21 kV under ambient air. Areas with exposed
c-PLA were covered with masking tape to avoid damage from the
plasma. During the print period, 5 or fewer nozzles were used to jet
at an amplitude of 16 V and with a 15 um drop spacing. A print area
of 6 mm x 10 mm was used to ensure coverage of the 3 mm x 10 mm
channel and contact with the electrodes, and four layers were printed
for the experiments detailed here. The device was then hard baked or
60 min at 130 °C.

Materials for Inkjet Printing: The PEDOT:PSS used was Clevios
PH 1000 from Heraeus Holding GmbH and is provided as 1-1.3 wt%
PEDOT:PSS dispersed in water. To make a printable ink, additions were
made of 5 wt% ethylene glycol (EG), 0.1 wt% dodecyl benzene sulfonic
acid (DBSA), and 1 wt% of (3-glycidyloxypropyl)trimethoxysilane)
(GOPS). The additives DBSA, GOPS, and EG were added to optimize
ionic and electronic conductivity of the film.[204%50 The printed, cross-
linked film was found to be stable upon submersion in the aqueous
environment and was measured as 2.15 £ 0.23 um in thickness, as noted
in Figure S3, Supporting Information.

Device Characterization: PBS solution (0.01 M) was used as the
electrolyte material. The solution was formed by adding a PBS pallet
from Sigma-Aldrich to DI water. An Ag/AgCl electrode (World Precision
Instruments) was used as a gate electrode. A Keysight B1500a
semiconductor device analyzer was used for device characterization.
Testing reported here was repeated on a single device ten times over the
period of a month to ensure results were representative and stable. The
coefficient of variation was noted in the I and I response of 9.45% and
2.0%, respectively, as obtained at Vp =-900 mV and V¢ = 800 mV.
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