Impact of contact overlap on transconductance
and noise in organic electrochemical transistors
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Abstract

Organic electrochemical transistors (OECTs) from poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate
(PEDOT:PSS) are used as amplifying transducers for bioelectronics. Although the impact on performance of device geometry
parameters such as channel area and thickness has been widely explored, the overlap between the semiconductor film and the
source and drain contacts has not been considered. Here we vary this overlap and explore its impact on transconductance and
noise. We show that increasing contact overlap does not alter the magnitude of the steady-state transconductance but it does
decreases the cut-off frequency. Noise was found to be independent of contact overlap and to vary according to the charge
noise model. The results show that high quality contacts can be established in PEDOT:PSS OECTs with minimal overlap.
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1. Introduction

Organic electrochemical transistors (OECTs) are attracting
a great deal of attention for applications in electronics and
bioelectronics(1). Their operation relies on the injection of
ions from an electrolyte into the volume of a semiconducting
polymer. Poly(3,4-ethylenedioxythiophene) doped with
polystyrene sulfonate (PEDOT:PSS), a p-type degenerately
doped semiconductor, has become the material of choice for
OECTs due to its commercial availability, stability and
biocompatibility(2). Small metal cations can be readily
injected in this material from a variety of electrolytes under
the influence of an applied gate voltage, leading to large
changes in the drain current. PEDOT:PSS OECTs have been
used to detect a variety of chemical and biological analytes(3),

to transduce electrophysiological activity(4,5), to develop 3D
tissue models (6), and also to fabricate large-area circuitry(7)
and neuromorphic devices(8).

The figure-of-merit that characterises the ability of
transistors to transduce a signal is the transconductance g,
defined as the first derivative of the drain current 14 over the
gate voltage V,. OECTs have been shown to exhibit a very
high transconductance, due to the volumetric changes in the
conductivity of the channel (9). A great deal of work has
focused on understanding how to optimise transconductance
by tuning the dimensions of the channel(1,10,11) and the
properties of the semiconductor(1,12). A second parameter
that is important in signal transduction is the noise produced
by the transistor. Flicker noise, which decreases with
frequency as 1/f, has been shown to be dominant at low



frequencies in a variety of transistor technologies(13—17),
including OECTs(18). Fluctuations in the hole density inside
the channel are assumed to be responsible for this
behaviour(18).

An important parameter that has not yet been explored in
OECTs is the overlap between the polymer film and the source
and drain contacts. This overlap is usually determined by the
registration of the patterning technique employed to define the
top layer. In thin film transistors, such design parameters are
known to affect performance through changes in contact
resistance and overlap capacitance(19). Here we explore how
this overlap affects transconductance and noise in
PEDOT:PSS OECTs.

2. Materials and methods

2.1 Device fabrication

The fabrication of OECTs was based on the parylene peel-
off processes published previously(20) and included the
deposition of gold, parylene C and PEDOT:PSS films. Glass
slides (Knittel Glass) with dimensions of 26x76 mm? were
used as substrates. They were cleaned by an ultrasonic bath in
a dilute solution of Micro-90 (Cole Parmer) in deionised water
(DI) for 20 minutes, rinsed with DI water, and sonicated again
inside an acetone - isopropyl alcohol solution (90%-10%) for
another 20 minutes. To pattern the metal pads a negative
photoresist, AZ nLOF2035 (MicroChemicals GmbH), was
spun on the glass substrate at 4000 rpm for 30 seconds, baked
at 110°C for 1 minute and exposed to UV light using a mask
aligner (Karl Suss MA/BAG6). The samples were then baked at
110°C for 1 minute and developed using a MIF 726 developer.
They were activated for 2 minutes using an O plasma cleaner
(Diener Electronic Femto) and placed inside an e-beam
evaporator (Kurt J. Lesker PVD-75) for metallization. A thin
layer of Ti (5nm) was deposited to aid adhesion, followed by
100 nm of gold. An overnight lift-off, using Technistrip NI555
(MicroChemicals GmbH) led to the final metal patterns.

The samples were activated again for 2 minutes and
submerged in an ethanol solution of the adhesion promoter 3-
(trimethoxysilyl)propyl methacrylate (Sigma Aldrich A-174)
for 30 sec, then hard-baked on a hotplate at 70°C for an hour.
Subsequently, they were placed in a parylene coater (SCS) and
2 um of parylene C was deposited. An anti-adhesive layer of
Micro-90 in DI water (2% v/v soap solution) was spun at 1000
rpm, and a second (sacrificial) layer of parylene C was
deposited. A layer of photoresist AZ9260 (MicroChemicals
GmbH) was then spun on the samples at 4500 rpm for 30
seconds and was post baked at 110°C for two minutes. The
samples were exposed to UV light, and developed for 6
minutes using a MIF 726 developer. Reactive ion etching
(Oxford 80 Plasmalab plus) opened the window for the
deposition of the PEDOT:PSS. 19 ml of Clevios PH1000
(Heraeus), 1 ml of ethylene glycol, 50 ul of dodecyl benzene

sulfonic acid (DBSA, Sigma Aldrich) and 0.2 ml of (3-
glycidyloxypropyl)trimethoxysilane (GOPS, Sigma Aldrich)
were mixed and sonicated for 15 minutes. The surface was
activated and the PEDOT:PSS dispersion was spun at 3000
rpm for 30 seconds. The samples were annealed at 110°C for
1 minute and the sacrificial layer of parylene C was peeled off.
Finally, the samples were hard baked at 130°C for an hour and
immersed into DI water overnight to remove any excess
compounds.

2.2 Device characterization

An optical microscope (Nikon Eclipse LV100ND) was
used to verify that the target dimensions were within 2 pm of
the target values. A Bruker Dimension Icon AFM was used to
verify that film morphology does not change with contact
overlap (Figure S1 in Supplementary Information). A Dektak
XT stylus profilometer (Bruker) was used to measure the
thickness of the PEDOT:PSS. Transistors were characterised
using a 0.01 M Phosphate Buffered Saline (PBS) solution and
a Ag/AgCl gate electrode (World Precision Instruments).
Electrical measurements were performed inside a Faraday
cage. A semiconductor device analyser (Keysight BIS00A)
was employed to measure the output and transfer curves. A
delay of at least 100 ms was applied between sourcing voltage
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Figure 1. a) Schematic of an OECT and digram of the circuit used for
the noise measurements. b) Optical micrograph of OECTs with 10%
(top) and 70% (bottom) contact overlap.
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and measuring current to ensure that the latter reached steady
state. The frequency response of the devices was measured
with two NI-PXI-4071 digital multimeters controlled by
LabVIEW. The OECTs were biased at a constant V4 while the
gate was biased with a series of sine waves of 50 mV
amplitude and frequency between 1 Hz and 20 kHz. Noise was
measured using a custom-built transimpedance amplifier with
10k gain(21), as shown in Figure 1(a). The output was split
into DC (< 0.1 Hz) and AC (0.1 Hz < frequency < 5 kHz)
components and the latter was amplified by an additional
factor of 100 and recorded with a data acquisition system
(National Instruments USB-6363). An FFT transformation
was performed to calculate the power spectral density of the
drain current fluctuations Si¢. Customised software in
MATLAB removed the 50 Hz noise and its harmonics, and Siq



was smoothed with the smooth() function. Figures S2(a) and
S2(b) in Supplementary Information show the effects of
filtering and smoothing on the data.

3. Results and discussion

3.1 Contact overlap

In order to investigate the impact of contact overlap on
device performance, we fabricated arrays of OECTs with a
fixed source and drain electrode geometry and varied the
dimensions of the PEDOT:PSS film spanning the Au contacts,
as seen in Figure 1(b). The OECTs had a channel length L=50
pm (defined by the distance between the source and drain
contacts), a width W=50 pm (defined by the width of the
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Figure 2. a) Transconductance as a function of V for OECTs with
different contact overlap at V4=-0.6 V. Lines are guides to the eye. b)
Corresponding normalised transconductance vs. frequency.

PEDOT:PSS film) and channel thickness d~100 nm (defined
by the thickness of the PEDOT:PSS film). These dimensions
were chosen as they lead to devices with performance that is
suitable for cutaneous electrophysiology(11). The overlap
between the PEDOT:PSS film and the source and drain
contacts was varied to 5, 15, 25 and 35 pm respectively,
leading to 10%, 30%, 50% and 70% overlap between

PEDOT:PSS film and contact, respectively. Optical
micrographs of OECTs with 10% and 70% contact overlap are
shown in Figure 1(b). The OECTs operated in depletion mode
(Figure S3 in Supplementary Information), consistent with
previously published data(22).

3.2 Impact on transconductance

Figure 2(a) shows the dependence of the transconductance
gm on V, for OECTs with different contact overlaps. These
four OECTs were fabricated on the same glass slide and were
equally spaced from the centre, to ensure similar PEDOT:PSS
film thickness. The data shows no systematic variation in gn
as a function of contact overlap. This is not surprising, as all
devices have the same nominal channel dimensions. It means
that a high-quality ohmic contact is achieved at both the source
and the drain, even for the OECT with the smallest overlap.

The frequency dependence of gy, for the four transistors
with different contact overlaps is shown in Figure 2(b). A
systematic decrease in the cut-off frequency fi=gmma/V2 is
observed as the overlap increases: The OECT with 70%
contact overlap is ~300 Hz slower than the one with 10%
contact overlap. The cut-off frequency of transistors depends
on the RC time constant of the gate circuit(23). In OECTs, the
capacitance C arises from the charging of the polymer film
with ions(24). The data indicates that the capacitance that is
important here is the one associated with the entire volume of
the PEDOT:PSS film, rather than with just the area between
the source and drain contact. At the same time, the resistance
R depends on the perimeter of the PEDOT:PSS film(25). A
calculation based on these arguments (see Supplementary
Information) predicts a change in f. of 287 Hz, in close
agreement to the measured value.

3.3 Impact on noise

Consistent with previous measurements in electrolyte gated
transistors, the power spectral density of the drain current
fluctuations Sig was found to follow a 1/f dependence (Figure
S4 in Supplementary Information)(14,17,18). The normalised
power spectral density Sia/I+?, also referred to as the relative
noise, is often used in literature to compare data from different
devices and bias conditions. Figure 3(a) shows the relative
noise at 10 Hz as a function of V,, for different values of
contact overlap. The value of 10 Hz was selected as it
corresponds to the strongest brain rhythm (alpha wave) in
encephalography(26). The data shows no systematic variation
in noise as a function of contact overlap. This is consistent
with the fact that device performance, as seen by the steady-
state transconductance, does not vary with contact overlap. It
means that the relevant feature that determines noise is the
channel length and not the length of the PEDOT:PSS film.

Figure 3(b) shows that relative noise scales with gm*/14%.
This is consistent with the charge noise model(27,28),
according to which the measured noise in the drain current



originates from fluctuations in the hole density inside the
channel. Noise can therefore be referred to voltage
fluctuations at the gate according to Si¢= gm>* Svg, where Sy, is
the gate-referred noise(27,28). The line is a fit to the model
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Figure 3. a) Relative noise at 10 Hz vs. Vg for OECTs with different
contact overlaps at V¢=-0.5 V. Lines are guides to the eye. b) relative
noise at 10 Hz vs. gn*/1¢> for OECTs with 30% contact overlap and
different values of Vg and Ve=-0.5 V. The line is a fit to the charge
noise model.

yielding Sy, =12.7-10"* V?Hz. This value, corrected for
channel dimensions, compares favourably to previous
measurements in PEDOT:PSS OECTs(18) and electrolyte-
gated graphene transistors(17). Additional characterisation
data are shown in Figures S5 and S6 in Supplementary
Information.

3.4 Discussion

Simple  fabrication,  biocompatibility = and  high
transconductance make OECTs excellent candidates for
recording of biological signals. They are particularly well
suited for recording cutaneous electrophysiology(29), as these
signals typically occur below 100 Hz and have low
amplitudes. The latter range from mV for signals from
muscles to tens of pV for brain activity recordings. According
to the change noise model, the noise Vs during a recording

with a bandpass filter set between 1 and 100 Hz can be

calculated by:
flOOZHZSI -df
Vims = w‘gTd (1)

Accordingly, we find V= 3.4 nV. This value is more than
adequate  for enabling recordings of cutaneous
electrophysiology with high signal-to-noise ratio (SNR)
(29,30).

Previous studies showed that the trade-off between gain
and bandwidth can be navigated in OECTs by adjusting
channel thickness: Increasing channel thickness increases
transconductance but decreases the cut-off frequency(11). An
additional design rule identified here calls for minimizing
contact overlap, as the latter only serves to make the OECT
slower and does not affect steady-state transconductance and
noise.

4. Conclusions

In this work, we investigated how overlap between the
PEDOT:PSS film and the source and drain contacts affects
OECT performance. We find that while steady-state
transconductance and noise remain the same, the cut-off
frequency decreases with increasing contact overlap. This
calls for minimising this overlap to achieve the best
performing devices.
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