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Microsecond Response in Organic Electrochemical
Transistors: Exceeding the lonic Speed Limit

Jacob T. Friedlein, Mary J. Donahue, Sean E. Shaheen, George G. Malliaras,

and Robert R. McLeod*

Organic electrochemical transistors (OECTs) are thin-film
transistors that use an electrolyte as the dielectric material
between the gate and channel. High-capacitance electrolyte/
organic-semiconductor interfaces endow OECTs with extrinsic
transconductances exceeding 400 S m~'—larger than that dem-
onstrated for a wide range of other transistor technologies.!!
OECTs operate at low voltages and can be used in aqueous envi-
ronments, making them ideal for biosensing applications.l*!
For instance, OECTs can be used for in vivo electrocortico-
graphic (ECoG) arrays to detect epileptic activityl® or in vitro
to detect the activity of cardiac cells.”l OECTs have also been
used for long-term electrocardiogram recordings,®? meas-
uring metabolite concentration,'®* and monitoring barrier—
cell properties.'>11 Several reports also demonstrate OECT
implementations of digital logic?*23 and neuromorphic cir-
cuits.*26l The transient behavior of OECTs is critical in all of
the applications mentioned above. For example, 10-100 kHz
operation is necessary for high-accuracy resolution of neuron
action potentials. In neuromorphic applications, the response
speed following a gate pulse determines learning times, and in
digital logic circuits transistor bandwidth is an important per-
formance specification. Unfortunately, OECTs are slow devices,
with time constants typically on the order of 1-100 ms/®27-2%]
and sometimes larger than 1 s.3934 These slow speeds are an
inherent consequence of the switching mechanism in OECTs,
which relies on the injection of ions into the transistor channel.
The time constant for ion injection determines the limiting
speed for the OECT, independent of hole drift times along the
channel. This ionic speed is a severe limitation for device per-
formance because strategies to increase the ionic speed degrade
other performance parameters. For instance, decreasing
channel thickness increases switching speed but causes a
proportional decrease in transconductance.*  Similarly,
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decreasing the concentration of secondary polar dopants
increases device speed but decreases channel conductance and
transconductance.?? Also, removing the cross-linker 3-glycid-
oxypropyltrimethoxysilane increases device speed but allows
delamination during device operation.”*® Here, we demon-
strate that the slow ionic speed of OECTs need not limit their
performance. We find that the OECT response can be made
30 times faster than its ionic speed when the drain bias is tuned
to the step-response voltage, Vi, Furthermore, we provide a
model that accounts for this high-speed behavior and can be
used to understand the transient response of OECTs in a variety
of applications.

OECT behavior is described in the literature and is briefly
reviewed here.?*#2 Figure 1a shows the structure of a typ-
ical OECT. The transistor’s output current flows through the
channel composed of the organic semiconductor poly(3,4-
ethylenedioxythiophene) doped with poly(styrene sulfonate)
(PEDOT:PSS). The PSS anions are somewhat analogous to
acceptor ions in inorganic semiconductors. They provide a
counter charge for holes on the PEDOT chain and make the
OECT channel conductive. A positive input voltage at the gate
electrode modulates the channel current by pushing cations
from the electrolyte into the PEDOT:PSS matrix. The cations
form ionic bonds with the PSS, compensating the counter
charge for holes and thus decreasing the hole concentra-
tion in the PEDOT. Removing holes from the PEDOT makes
the channel less conductive and decreases the OECT’s output
current. Alternatively, a negative gate voltage pushes anions
into the channel, increasing the hole concentration and thus
increasing the OECT’s output current. To date, every reported
OECT has operated no faster than the time required to charge
the transistor channel with the ionic species. This ionic time
constant is analogous to the RC time constant of a simple
resistor—capacitor (RC) circuit, and because it is determined
by ion transport into the bulk of an organic film, it is typically
quite slow—even reportedly fast devices have time constants of
=1 ms.[8]

Although ion transport is an essential part of OECT operation
and usually determines the response speed, we show that it is
possible to overcome this limitation. Figure 2 shows the source
current response to a gate voltage step from 20 to 0 mV with
a constant drain voltage. We tested the OECT with the drain
voltage fixed at —30 mV (Figure 2a,d), —80 mV (Figure 2b,e), and
—130 mV (Figure 2c,f). At =30 and —130 mV the source current
exponentially relaxes to steady-state in =600 ps, but in Figure 2b
the change in source current settles to within 10% of its final
value in only 20 ps. We can compare this 20 ps response to
the ionic speed by measuring the gate current, which is equal
to the ionic charging current of the OECT. Figure 2e shows
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Figure 1. a) Structure and operation of a typical OECT with a PEDOT:PSS channel. Top: OECT channel in the high-conductivity state with a gate
voltage of 0 V. Bottom: The gate voltage of +100 mV pushes cations into the OECT channel. These cations de-dope the organic semiconductor,
lowering its conductivity. b) Circuit diagram of the discrete model showing the gate current branches and the distinct source (Is), drain (Ip), and

channel (Icy) currents.

the gate current corresponding to the source current shown in
Figure 2b. The gate current is an exponential function with a
time constant of 300 ps and requires more than 690 ps to settle
to less than 10% of its peak value. Therefore, the source current
response exceeds the speed of the ionic circuit by more than a
factor of 30.

This observation of source current response speed exceeding
the ionic speed has not been previously reported. However, we
can explain this faster-than-ionic response by building on pre-
vious descriptions of OECT behavior.!3*1-#4 Bernards and Mal-
liaras modeled OECT behavior with a standard long-channel
field-effect transistor (FET) and a series RC circuit between
the gate and channel.*?) The FET describes the steady-state
behavior of the OECT, and the RC circuit describes the ionic
coupling through the electrolyte between the gate and the
channel. This RC series can be understood as an approxima-
tion for equivalent circuits typically used to describe ion trans-
port.'>#8 The RC time constant of this ionic circuit determines
the limiting speed of the electronic OECT response, regard-
less of electronic transit times along the channel.*? Despite
finding this, the Bernards model does not provide a closed-
form expression for OECT transient behavior because it fails to
account for spatially varying hole currents in the channel before
steady-state is reached. Forchheimer and co-workers provide
a model without this shortcoming by describing the transient
behavior of electrolyte-gated FETs with the Ward-Dutton parti-
tion scheme.[*} Forchheimer and co-workers’ model highlights
the fact that the source and drain currents are not necessarily
equal because the transient gate current contributes differently
at the source and drain terminals. Our discrete model follows
the work of Bernards and Forchheimer, describing the ionic cir-
cuit with a series RC, and allowing unequal source and drain
currents in the transient regime.

The discrete model is depicted in Figure 1b and consists
of four discrete circuit elements—a resistor describing the
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ionic resistance between the gate electrode and the transistor
channel 2% two capacitors describing the accumulation
of ionic charge in the transistor channel,*>*? and an ideal
p-channel FET describing the OECT’s steady-state current—
voltage relationships.*?l According to the discrete model, when
the leakage current, Iy, is negligible, the source current is
given by Equation (1):

Is=—(Icy +Ic1) 1)
Ip=Ieu—Ig,

If the source and drain voltages are constant with respect to
time and the OECT geometry is symmetric, exactly half of the
gate current flows to the source terminal and half flows to the
drain terminal. If the gate voltage is a square step, the channel
current is Icy(t)=Icu(0) + Alcu[l — exp(—t/Txc)], and the gate
current is Ig(t) = Ig max €Xp(—t/Trc) (see the Supporting Infor-
mation). The ionic RC time constant, Tgc, limits the response
speed of the OECT; however, when Al = 0.5 I¢ .., the source
current will respond to a square voltage step with a square cur-
rent step. Each row of Figure 2 corresponds to a different drain
voltage, and, because increasing the drain voltage increases
Alcy but does not affect Ig ma, €ach row of Figure 2 also cor-
responds to a different Alcy/Ig me ratio. Figure 2¢,f shows the
monotonic regime; in this regime the source current has a
small positive step followed by an exponential increase until
steady state is reached. The monotonic regime occurs when
Vp is large enough that Alcy > 0.5 I¢ ma, as shown in Figure 2f.
Figure 2a,d describes the opposite behavior, the spike-and-
recover regime. In this regime, the source current displays a
large positive step followed by an exponential decrease until
steady state is reached. As shown in Figure 2d, this regime
occurs when Vp is small enough that 0.5 I . > Alcy. At the
boundary between the monotonic and the spike-and-recover
regimes is the step-response voltage, Ve, When Vp = Vip,
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Figure 2. a—c) Change in the source current following a gate voltage step. d—f) Gate current and the change in channel current corresponding to the

source currents shown in (a)—(c). The drain voltage is =30 mV for (a) and (d),

—80 mV for (b) and (e), and =130 mV for (c) and (f). The gate voltage

waveform is shown in the lower one-third of the panel in (a)—(c). In all panels, the data were averaged over 16 repeated waveforms. The resulting
averages are plotted as dots and model fits are plotted as solid or dashed lines. The device had a channel width of W = 260 pm, a channel length of

L =100 pm, and a channel thickness of approximately h = 150 nm.

the source current responds with a step function. As shown in
Figure 2e, this step response occurs when 0.5 I¢ o = Alcy. At
the step-response voltage, the transient components of the gate
and channel currents cancel each other at the source terminal,
and the source current steps almost instantaneously from one
steady-state value to another.

The shape of the source current varies greatly among
Figure 2a—c, yet the data all come from the same device with the
same intrinsic properties. This is made apparent by Figure 2d-f,
which shows that the corresponding gate currents can each be
fit with a single exponential and a time constant of 300 ps. This
demonstrates that the source current responds faster at -80 mV
than at —30 mV and —130 mV even though 7gc is the same for
all three cases. Being able to vary the transient operation regime

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

could be useful in applications that require faster-than-ionic
responses. For instance, a 20 ps step response is certainly fast
enough to drive video displays,® and in neuromorphic devices,
relaxation into the long-term-memory state would be much faster
if the OECT were biased at Vy,. However, restrictions on the
step-response regime may limit its usefulness in other appli-
cations. For instance, Vg, may not be large enough to drive a
light-emitting diode and will lead to a less than unity current gain
(AIg/AIp) at high frequencies (=400 Hz). Also, logic circuits will
have to be carefully designed to rely on the response speed at the
positive end of the OECT channel (source current) rather than at
the negative end of the channel (drain current).

The results in Figure 2 not only demonstrate a method of
exceeding the ionic speed of an OECT, but also demonstrate the

Adv. Mater. 2016, 28, 8398-8404
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robustness of our discrete model. This model uses four param-
eters to describe the OECT response to an arbitrary gate voltage.
The four parameters are the ionic resistance, R¢; the ionic
capacitance, Cg; a hole mobility, u, describing the electronic
mobility of the holes in the transistor channel; and a pinch-off
voltage, Vp describing the voltage at which the OECT transi-
tions from linear to saturation behavior.*>*'*2 In this Com-
munication, all measurements are made in the linear regime,
so Vp can be eliminated from the expressions for changes in
the source, drain, and gate currents. The discrete model’s fit to
the source and gate currents is shown with solid red lines in
Figure 2. Even though Figure 2 shows all three transient oper-
ating regimes, the data are all simultaneously fit by the discrete
model with the same three fit parameters: Rg = 2340 £ 90 Q,
Ce=127+6nF, and p=2240.1 cm? V''s7L

Not only does the discrete model predict faster-than-ionic
OECT operation but also predicts the response to other gate
voltage waveforms. Figure 3 shows the source and drain cur-
rents as well as the discrete model fit in response to a 20 mV
gate voltage step (Figure 3a), a 1 mV Lorentzian gate voltage
spike (Figure 3b), and a series of 10 mV sine waves at different
frequencies (Figure 3c). These input waveforms were chosen
because of their relevance to several OECT sensing and logic
applications. Square inputs have been used for enzymatic
sensing,!'% detecting barrier cell integrity,'>1618 digital logic
circuits,??2l and neuromorphic processing.?#?! Lorentzian
spikes mimic the shape of neuron action potentials that might
be detected by ECoG arrays, and sine waves are used to charac-
terize the frequency-domain behavior of OECTs for biosensing
applications and analog circuit performance.17:51

Figure 3 shows that the discrete model simultaneously fits
the responses to these different waveform shapes, amplitudes,
and frequencies using only three free parameters. These model
fits are shown in Figure 3 as solid lines, and the device parame-
ters extracted from the fits are Rg = 3090 £ 50 Q, C; =92+ 1 nF,
and p = 3.19 + 0.05 cm? V™' s'—all of which are within the
range of typical values reported in the literature.3>5233]

Figure 3 demonstrates that the utility of our discrete model
reaches beyond the scope of applications that require faster-
than-ionic responses. In particular, the discrete model high-
lights the difference between the source and drain currents
in high-frequency measurements, such as those shown in
Figure 3a,b. Figure 3b shows the source and drain responses to
a Lorentzian-shaped gate voltage pulse. As predicted by the dis-
crete model, the source current lags behind the gate excitation
by less than 100 ps, but the drain current lags behind the exci-
tation by =300 ps. Without the discrete model, this time delay
could confound the interpretation of transient measurements.
For instance, neuron action potentials generate voltage signals
with shapes similar to the input voltage used for Figure 3b,
and delay times between action potentials from different neu-
rons indicate the presence or lack of neural connections.”*
Therefore, mapping neural connectivity with OECT-based
arrays depends on a complete understanding of the time delays
between input voltages and output currents.

Not only is the discrete model useful for interpreting high-
frequency measurements, but it also can be used to estimate
device parameters. The discrete model even describes a fre-
quency-domain measurement of mobility that does not rely on
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Figure 3. a) Change in source and drain currents, Al, responding to a square
gate voltage step. b) Al for a Lorentzian voltage spike. c) Amplitude and
phase of the transconductance as a function of the frequency of the sinu-
soidal gate voltage. In (a) and (b), the gate voltage waveform is on the lower
one-third of the panel. In (a)—(c), the drain voltage is kept constant at Vp, =
—100 mV. In (a) and (b) the drain current is always negative, and the source
current is always positive. We plotted the negative change in the drain current
to facilitate comparison between the source and drain currents. In (a) and
(b), the data were averaged over 19 and 24 waveform cycles, respectively. In
(c), four frequency sweeps were performed. In (a)—(c) the resulting averages
are plotted as dots, and the model fits are plotted as solid or dashed lines.
The device geometry was W =255 pm, L =100 pm, and h = 150 nm.

estimates of any other parameters. As shown in the Supporting
Information, the gate and drain current amplitudes are equal at
the frequency given by Equation (2):
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w, =20V /(\/3L) )

where ®, is radial frequency, p is hole mobility, Vp is
drain voltage, and L is channel length. We have shown
that this measurement technique yields a mobility of
2.3 £ 0.4 cm? V7! s7! for the OECT used in Figure 2 and
a mobility of 3.18 + 0.6 cm? V! s7! for the OECT used in
Figure 3. These values agree with the mobilities from the
time-domain measurements and are within the experimentally
reported values for PEDOT:PSS-based OECTs.[35%3]

While proper design, operation, and interpretation of
results are critical for OECT applications, the development of
new materials is equally important. PEDOT:PSS is currently
the champion material for OECTs, but because it contains
the dopant PSS-, it can only be used for depletion-mode
OECTs.[204251.55] This is a major drawback for both sensing and
logic applications, and several materials for accumulation-mode
OECTs have been developed.>>>% We tested the generality of
our model by fabricating an accumulation-mode OECT using
an undoped polythiophene. We found that our model fits the
time domain response of this accumulation-mode OECT and
that the OECT is capable of a step response when biased at Vg,
(see Figure S6, Supporting Information).

The discrete model accurately describes transient behavior
for a variety of input waveforms and biases, but it fails to
take into account several non-idealities that affect OECTs. For
example, our previous work showed that the ideal FET model
is only valid over a limited voltage range because of the non-
uniform mobility in organic semiconductors.’?l Several other
researchers have demonstrated OECT behavior that departs
from the long-channel FET model”3*°1%7] and have reported
non-uniform mobility in PEDOT:PSS.”3 Because the long-
channel FET model is only valid for a limited range of voltages,
the discrete model works best for small-signal excitations of less
than 100 mV. This will not decrease the utility of the discrete
model for biosensing because many biosensing applications
involve measuring small excitations on the order of milli-
volts. For instance, action potentials only produce an =100 mV
signal, which may be attenuated by tissue before reaching the
OECT.*#3% Another complication for OECTs is the presence
of current drift even after many RC time constants. This effect
is noticeable in our devices, but only after more than 10 RC
time constants (=3 ms) and with an amplitude of less than 500 nA
(see Figure S3, Supporting Information), so it has a limited
effect on transient measurements. This long-time-scale drift
could be due to a number of processes, such as conformational
changes in the polymer matrix,®” concentration-dependent
ionic mobility,®% or gradual redox processes due to dissolved
hydrogen and oxygen in the electrolyte.l®>-%] These processes
might also cause asymmetric turn-on and turn-off speeds,
especially for large voltage steps. Designing OECTs with thick
channels (h=2,/D7gc =1.8 um, where D is the ionic diffusion
coefficient) will add further complications because diffusion of
the ions through the channel will be slower than polarization of
the electrolyte and ion drift in the electrolyte.[®%7] Although the
discrete model overlooks these complexities inherent in OECTS,
it is accurate for transient measurements in the small-signal
regime, and one can adapt the model to describe non-idealities.
For instance, non-uniform hole mobility can be accounted for
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by adding a disorder parameter to the steady-state equations
used in the long-channel FET model,? and the non-ideal tran-
sient behavior can be described by allowing the capacitances to
be dependent on voltage.®] The discrete model strikes a bal-
ance between simplicity and accuracy and can be made more
accurate at the expense of increased complexity.

Our results show that even in its most simple form, the dis-
crete model is accurate down to time scales of =10 ps, but we
were unable to test its accuracy on smaller time scales because
of the =10 ps settling time of our source-meter unit. Although
higher bandwidth measurements might not be necessary in
biosensing applications, they could advance our understanding
of OECTs by identifying the processes that limit the maximum
response speed at the step-response voltage.

In conclusion, we showed that when biased at Vg, OECTs
respond more than 30 times faster than the speed of the ionic
charging circuit. We demonstrated that these high-speed tran-
sistors responded to a step input voltage with a step output
current, settling to within 10% of the steady-state current in
only 20 ps. We also developed a simple discrete model that
described this high-speed behavior and can be used to pre-
dict the current response following an arbitrary gate input.
This simple model uses only three fit parameters and can be
implemented in circuit simulation software or described with
closed-form expressions, so it will be useful for a wide range
of OECT applications. Although our model overlooks some
of the complexities inherent in OECTs, it will be accurate for
biosensing applications, such as ECoG measurements, where
input voltages do not vary by more than 100 mV. Overall, our
work reveals that the shape and speed of the OECT transient
response depend strongly on the applied drain bias, and that
at the right bias, the current response can reach its steady-state
value almost instantaneously.

Experimental Section

OECT Fabrication: OECTs were fabricated using a previously
reported technique.®® Gold electrodes were evaporated onto glass
substrates and patterned via photolithographic liftoff. After this, an
=2 pm layer of parylene-C was evaporated onto the substrate. Then
an anti-adhesion layer (1% Micro-90 in water) was spun on before
evaporating on a second layer of parylene-C. The parylene layers
were patterned via reactive ion etching with a photolithographically
patterned mask of AZ-9260. After etching, a PEDOT:PSS solution
(95 wt% Clevios PH-1000, 4 wt% ethylene glycol, 0.9 wt%
3-glycidoxypropyltrimethoxysilane, 0.1 wt% dodecylbenzenesulfonic
acid) was spun onto the parylene layer at 3000 rpm for 30 s and
baked at 95 °C for 75 s. Next, the sacrificial layer of parylene-C was
peeled off of the substrate, leaving PEDOT:PSS films in the transistor
channels and a barrier layer of parylene-C covering the gold electrodes.
Finally, the sample was baked on a hotplate at 140 °C for 70 min and
subsequently immersed in water for 4 h.

Characterization: OECTs were characterized using a dual-channel
source-meter unit (Agilent B2962a) with custom-written control code in
Python. All measurements were made using an Ag/AgCl pellet (2 mm
diameter x 2 mm height) as the gate electrode. The electrolyte was a
solution of 100 X 1073 m NaCl in water and was contained in a PDMS
well on top of the OECTs. The time step between measurements was
10 ps for Figures 2 and 3a and 100 ps for Figure 3b. Because the source
and drain currents could not be measured simultaneously, they were
measured in consecutive experiments =1 min apart. The drain current
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was measured with a negative drain voltage applied to the drain terminal
and the source terminal at 0 V. The source current was measured by
floating the source-meter channels up to the drain voltage. For example,
the source current shown in Figure 2c was measured with +130 mV
applied at the source terminal and 0 V applied at the drain terminal. The
gate voltage for this measurement was stepped from +130 to +150 mV
attimet=0.

Characterization of the accumulation-mode OECT was the same
as that of the PEDOT:PSS devices except that we used two digital
multimeters (NI-PXI-4071) to measure the gate and drain currents while
biasing the gate and drain with a multi-channel data acquisition card
(NI-PXI 6289). A custom-written Labview control software was used for
these measurements.

Estimation of Parameter Uncertainty: The fit parameters were estimated
using custom code incorporating the nonlinear fit function Isqcurvefit
from MATLAB R2015a. The fits were made between the discrete model
and the frequency-domain data with upper and lower bounds on the
mobility provided by the time-domain data. The measured gate voltage
was used as the input for the discrete model calculations because the
actual gate voltages are not perfect step functions or smooth Lorentzians.
The * uncertainties for the fit parameters are 95% confidence intervals
extracted using the Isqcurvefit Jacobian and MATLAB’s nlparci function.
The uncertainties for the mobility measurements using Equation (2)
were calculated by propagating the uncertainty in frequency (£ half the
step size between frequency samples).

Supporting Information

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