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A fast response of Organic Electrochemical Transistors (OECTSs) to electrical or chemical changes is essential for a widespread ac-
ceptance of this technology. However, finding design rules for fast switching OECTs is complicated by the fact that current transient
device models are highly simplified and rely on a one dimensional approximation of the device that neglects details of the ion and
hole concentration inside the transistor channel.

To improve our understanding of transient processes limiting the speed of OECTs, a two-dimensional drift diffusion model is pre-
sented and experimentally validated. It is shown that switching is strongly influenced by lateral ion currents that were neglected in
previous models. A consistent treatment of these currents leads to a dependency of the time constants on the applied drain potential
and a complex dependency of the response time constants on the detailed device geometry.

In addition to an improved understanding of the transient response of OECTs, the results discussed here highlight the challenges in
properly characterizing switching time constants of OECTSs, and reinforce the necessity to ensure that switching is measured between
two steady-state conditions, and not between transient states.

1 Introduction

Organic Electrochemical Transistors (OECTs) take advantage of a strong coupling between ion and elec-
tron transport observed in some polymeric semiconductors?. Their high performancel facilitates sens-
ing very small fluctuations in electrical potential at the gate electrode, which was used e.g. to monitor
brain activity®®. Furthermore, functional coatings applied to the gate electrode make OECTs selective
to small chemical changes, which can be used to design highly sensitive (bio-)sensorst ® 6T~ Combined
with their mechanical flexibility, stretchability!®, and self-healing properties® % OECTs have become a
key technology for (organic) bioelectronicst !,

A fast response to electric and chemical changes is essential for organic biosensors. When used to sense
and amplify neuronal activity!?, a temporal resolution in the 1 — 10 ms range is desirable. Changes in
neurotransmitter concentration occur at similar timescales, but longer time changes (range of several
minutes) are of interest as well e.g. when studying processes such as neuromodulationt?,

Recent results show that OECTSs are well equipped to reach this benchmark. For example, OECTs
using various channel materials, electrolytes, or fabrication techniques reached time constants below

1 ms. B3 14 05006, 07, 18,119, 20, 21, 22, 23, 4]~ AJthough most of these OECTS rely on the doped p-type semi-
conductor PEDOT: PSS 14 15 16 AT U8 19] - ther materials such as P3CPT,RY p(g2T-TT)RL 22 and
diketopyrrolopyrrole (DPP)-based donor-acceptor (D-A) polymers such as P(1lgDPP-MeOT2) and
P(bgDPP-MeOT?2)23 reach a high performance as well. Table |I| summarizes the switching speeds of
OECTs reported in literature.

Response times were found to vary proportional to the time constant of the electrolyte circuit repre-
sented by a series connection of the ionic resistance of the electrolyte and the gate capacitance. This
time constant is influenced by the geometry of the device, and it was shown that limiting the overlap
between the channel and the source/drain contacts, the OECT channel length and the thickness of the
organic semiconductor improve the speed of OECTSs greatly. 17125 24.126]
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Table 1: Summary of reported OECT switching speeds

Channel Electrolyte Time constants (7) Ref.
PEDOT:PSS Polymer Electrolytet B Ton,of f = 0.9,0.03 s L
PEDOT:PSS PBS ~ 0.1 ms [14)
PEDOT:PSS NaCl 39 us 2l
PEDOT:PSS Solid electrolytet B9 Ton.of f = 30,5 ms 7]
PEDOT:PSS PBS ~ 1.5 ms [l
PEDOT:PSS NaCl 0.03 — 1.2 ms (17]

P3CPT H,O : OH™ + H;0% ~ 10 s 20
PEDOT:PSS NaCl > 1s 53]
PEDOT:PSS CTAB > 1s [32)
PEDOT:PSS NaCl ~1s [15)
PEDOT:PSS Hy0 ~ 10 s (18]
PEDOT:PSS Solid electrolytet BY Ton,off = 3.3, 0.4 s [19]

p(g2T-TT) NaCl 0.1—1ms 21
p(g2T-TT) NaCl 0.1 ms 22]
p(a2T-TT) NaCl 1.2 ms 22]
P(lgDPP-MeOT?2) NaCl Ton,off = D78,63 ps (23]
P(bgDPP-MeOT?2) NaCl Tom,off = 516,30 us 23]
PEDOT:PSS/TX poly(vinyl alcohol) Ton,of f 7 33,6 ms [
PEDOT:PSS Internal ion-gated Gated * 2.6 s 28]
PEDOT:PSS - PEI Internal ion-gated Gated* 2.9 us 29

151 wt.% DI water, 33 wt.% PSSNa, 8 wt.% D-sorbitol, & 8 wt.% glycerol (85 wt.%)
+Cetyltrimethylammonium bromide
«*PEDOT:PSS channel hydrated with D-sorbitol and salt solution without a separate electrolyte part.

The time constant can be reduced further by optimizing the materials parameters of the electrolyte.

For example, OECTs utilizing halide based liquid electrolytes were shown to reach a performance

which is sufficient for medical applications, such as recording of ECG signals.!4 1516 Relatively slower
OECTSs, with a response time in the millisecond regime, use viscous and solidified electrolytes,?? or
poly(vinylalcohol) hydrogels.!?) Internal ion-gated OECTs having ion-reservoirs embedded inside chan-
nel itself are shown to attain speeds of few microseconds in response to low gate signals.282% Aside from
the type of electrolyte, its concentration affects the speed of OECTSs as well, and in particular a very low
concentration influences the speed negatively. 2% 18]

The transient response of OECTs was shown to be composed of initial fast (< 1s) response followed by
slow change, which occurs over a longer timescale (~ 15)2%. A higher concentration of electrolytes re-
duces the influence of the slower response.!'® 20 Finally, several reports show that the speed of OECTSs
depend on the mobility of ions inside the channel and the ease with which ions move in and out the
channel. L2223 The jonic mobility depends on the amount of hydration of the channel and an opti-
mum hydration enhances conductivity of ions.2%22 Furthermore, the presence of taylored side chain and
moieties of the organic semiconductor facilitates a more efficient ion injection/ejection in the polymer
bulk. 23!

Despite these promising results, it is challenging to formulate clear design rules for fast OECTs. Several
transient device models were proposed that address this shortcoming®3. Most of these models build on
a transient and steady-state model proposed by Bernards et al.®¥ in 2007. The general setup of these
models is sketched in Figure |1 Assuming that the OECT is a p-type depletion transistor e.g. consist-
ing of the organic semiconductor PEDOT:PSS, a positive voltage applied to the gate electrode leads to
an injection of cations into the organic semiconductor. In Bernards model, this process is modeled by a
capacitance Cg. Denoting the ion concentration and electric potential along the transistor channel by
Dion(x) and ¢(x), this capacitance Cg is defined as (Vig: voltage applied to the gate electrode)

_ €Dion ()
Co = Vas — ¢(x) W
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Figure 1: Setup of Bernards model. Coupling between hole and ion transport is described by a gate capacitance Cg de-
fined as the ratio of injected cations to applied voltage. Furthermore, the ionic resistance of the electrolyte R, is included
in the model.

In Equation [1}, it is assumed that the gate capacitance scales with the volume of the organic semiconduc-
tor, which is indeed observed in experimentst?.

Injection of cations leads to de-doping of the organic semiconductor and hence modulation of the density
of free holes. It is assumed that every cation replaces one mobile hole. Assuming that the organic semi-
conductor (e.g. PEDOT:PSS) is initially doped at a concentration py, one obtains

p(z) = po — Pion(). (2)

Under these assumptions the potential along the transistor channel at steady state conditions
becomest®! (L: channel length, Vp = Z2: pinch off voltage, e: elementary charge)

x x
B (z) = (Vas — Vp) + \/ [Vos = (Vas = Ve)I* 7 = (Vi — Vas)’ (L - 1), (3)
and finally, the steady-state drain current Ip s in dependence of the gate and drain potential Vs and
Vps reads as (G = eypo% conductance of the organic semiconductor at Vgs = Vps = 0, w, T, L: width,
thickness, and length of the transistor channel, p: hole mobility)

Vg — Ybs
ID,ss =G (1 - GS‘/P@2> VDS (4)

Equations |3| and [4] are valid in the steady state only and further approximations have to be taken to de-
rive an analytical solution for the transient problem. For example, Bernards et al.¥ proposed to aver-
1

age the hole and ion concentration along the transistor channel, e.g. to use p(t) = + fOL p(z,t)dr and

Dion(t) = % fOL Pion (T, t)dz instead of the full distribution p(z,t) and p;on(z,t). With this approximation,
it is possible to reduce the complexity of the problem to one (the vertical) dimension. The drain current
density j becomes!

j = e<up(t)+fL

L dt
d on
- . <up<t>v§S—prdt“))

(6)
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Figure 2: Response of an OECT to a voltage step applied at the gate electrode as predicted by the model of Bernards et
al.B4 . The characteristic of the response depends on the ratio of electronic to ionic time constant 7. /7i. For small ratios,
a gradual relaxation is observed, which changes into a spiking response for increasing 7.. In both cases, the exponential
decrease is described by the ionic time constant 7;.

Here, f is an experimental factor that was added to account for the error introduced by the averaging
process.

Assuming that the device is operated in the linear regime (e.g. Vps < Vgg), Bernards et al. arrived at
the following transient drain current in response to a voltage step from 0V to AVgs applied to the gate
electrode:

Te t
To(t, Vas) = Tos + Alp.s (AVas) (1 - 1 ) exp (-1 7)
Here Alpss = Ip — Ipss (AVgs) and Iy = Ipssiin(Vas = 0) = GVps. Equationshows that the
response is defined by two time constants. The first one, 7. = Mf;ﬁ, can be identified as the electronic

time constant of the system, i.e. the characteristic time for a hole to traverse through the whole channel.
The second time constant, 7, = CgRs (Rs: ionic resistance of the electrolyte, cf. Figure [1]), represents
the time constant of the ionic system. 7; can be interpreted as the characteristic time for charging the
ionic capacitance described by Eq. [I]

Equation [7| shows that the response of OECTSs to a voltage pulse can be categorized into two different
regimes, depending on the ratio of f = (cf. Figure . When 7, < 7;, the system slowly relaxes toward
the new steady-state. If, however, 7, &~ 7;, i.e. for longer channel lengths or low charge mobility in the
organic semiconductor, the transient current spikes first before slowly relaxing toward the new steady
state. In both cases, however, the characteristic time constant describing the exponential relaxation is
determined by the ionic time constant 7;.

Several authors proposed improvements to this original model . In most instances, a more
precise definition of the correction factor f is sought. For example, Faria et al. defined f as the ratio of
gate currents flowing to the drain electrode over the total gate currentsi% 57 Similarly, Friedlein et al.
attempted to include a simplified spatial dependence of the gate current by modeling the coupling be-
tween gate and source and between gate and drain differentlyBs!.

The interpretation of the correction factor f was complicated further by a recent result of Kaphle et
al.¥ who argued that the steady state distribution of ions and holes and the potential distribution
along the transistor channel are influenced by lateral migration of ions - an effect not included in the
original model of Bernards et al.. As a result, the potential along the transistor channel is found to de-
viate strongly from Eq. [3| Furthermore, considering that the channel length of OECTs is usually sev-
eral orders of magnitude larger than the thickness of the semiconductor, lateral ion currents will react
much slower than vertical ones, and the precise distribution of ions and holes along the transistor chan-

[36] 137, [38] [39)] [40]
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nel, thus far only approximated by the ad-hoc factor f, will become essential to understand the transient
behavior of OECTs.

Here, we address this lack in our understanding of the response of OECTSs to changing input signals. We
use our two-dimensional drift-diffusion model of OECTs and extend it to be able to model the transient
processes. For the first time, we are able to study the transient response of OECTs without ad-hoc as-
sumptions about the ion and hole distribution along the transistor channel. It is shown that the tran-
sient response is marked by two distinct time constants - a short time constant describing the movement
of ions perpendicular to the transistor channel and a second, longer one describing the flow of lateral ion
currents along the channel to reach the equilibrium of the device. Whereas the perpendicular injection of
ions already leads to a complete on and off switching of the device, the steady-state of the device is only
reached after all lateral currents have subsided. Measurements of the transient response of OECTs faster
than the lateral time constant leads to a frequency, geometry, and drain potential dependent response,
complicating the interpretation of transient OECT measurements.

2 Results and Discussion

2.1 Model

To study the response of OECTSs to an arbitrary voltage signal, Poisson’s and Continuity Equations of
holes p and Cations p;,, are solved self-consistently using the Gummel Scheme in two dimensions (e:
permittivity, ¢: electric potential, C': immobile charge, e.g. dopants, jp,;',-on: hole and cation current
density, z,y: horizontal and vertical coordinate, respectively)

VGV¢<$,y) - 6(0(1‘7y) —p(x,y) _pion(xay)) =0 (8)
Vin(,y) — 20l )
Viile) — PED (10)

Setting the time derivatives £ in Eqs. @and to zero results in the steady-state solution®* 4 Simi-
larly, reducing the ion current to Jion(,y) = Jiony ()€, the hole current to j,(x,y) = jp.(2)&, and
the hole and cation concentrations to pion(z,9) = pion(z) and p(z,y) = p(x) would recover the original
(steady state) model proposed by Bernards et al.B4.

Here, the full system of Egs. [8}{10] is solved to study the transient response without having to approxi-
mate the electric potential, hole, and cation concentration by an average value ¢, P, Dion. The time de-
pendence imposed by the time derivatives %, a%% is calculated using an Euler scheme, and care has
been taken to choose time steps small enough to limit the overall error. The results are checked by com-
paring the transient currents for long times to the steady-state solution of the device.

The geometry of the OECTs is shown in Figure [3] The device consists of a layer of the electrolyte, in
which the hole concentration is set to zero, and a layer of the organic semiconductor. The doping con-
centration pq is kept fixed inside the organic semiconductor, and both, holes and cations are treated as
mobile. Throughout the device, the anion concentration is assumed to be constant, i.e. movement of an-
ions is not considered.

The two layers are contacted by the source electrode on the lower left, the drain electrode on the lower
right, and the gate electrode on the top. The width of the gate electrode on top is varied; for the results
discussed in Secs. 2.22.4.1] the electrode covers the whole length of the device, whereas it is assumed to
only cover the middle part of the device for Sec. [2.4.2. The gate electrode is simplified as an ohmic con-
tact for cations, i.e. it is assumed that any redox reaction at the gate is fast enough to retain the equi-
librium concentration of cations at the interface. Source and drain electrodes are treated as ohmic con-
tacts by setting the hole concentration at the interface to the doping concentration. For cations, source
and drain are assumed to be ideally reflecting, forcing the ion currents at the contacts to zero.
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external boundaries:
ideally reflecting Ohmic contact internal boundaries:
ji=0,Eni=0 (for cations) deally reflecting for holes (jn = 0)
l permeable for cations

Ohmic contact Ohmic contact
(for holes); (for holes);

Ideally reflecting Ideally reflecting
(for cations, j7i = 0) (for cations)

Figure 3: Setup of the numerical model used herel3 . The device consists of source, drain, and gate electrode, an elec-
trolyte layer on top, and a semiconductor layer at the bottom. Reprinted with permission from3 .

Cations and holes in the PEDOT:PSS layer are assumed to co-exist in a single phase, i.e. details of the
interpenetration network of a PEDOT and a PSS phase#2 43! are not considered. Interaction between
ions and holes are treated as purely electrostatic in nature as mediated by the right side of Poisson’s
equation.

To increase the stability of the numerical computation, all physical quantities are normalized, e.g. the
applied voltages are normalized to the thermal voltage Vi = % (kp: Boltzmann constant, T": tem-
perature). In the following, the model is used to discuss experimental trends only. Although the model
is capable to fit the results quantitatively as well®3), the uncertainty in the materials parameters would
overemphasize the predictivity of the model.

2.2 General Switching Behavior

Figure [4] displays the general simulation protocol used here. An OECT with a channel length of L =
1.13um and organic semiconductor thickness of T' = 34nm) is used as example. A square voltage pulse
of Vo = +4Vr is applied to the gate electrode; the source potential is kept at Vg = 0V and the drain at
Vp = —Vp. The small drain potential ensures that the devices are studied in their linear regime.

Care is taken to let the simulation reach equilibrium before the next switching event. The simulation
starts with the device in its equilibrium state at Vgg = —4Vr, i.e. the first half of the simulation time
represents off switching, whereas the second half shows the trends during on-switching.

Figure |4 shows (from top to bottom) the applied gate voltage puls, the source current Ig, drain current
Ip, and gate current I5. Source and drain currents follow the same trends marked by an exponential re-
laxation toward the respective steady-state current. The gate current mirrors this behavior; it shows a
short spike that exponentially decays to zero.

The currents shown in Figure |4| provide a macroscopic view of the OECT response only. To discuss mi-
croscopic details of the off- and on- switching process, two-dimensional plots of the cation concentration
are shown in Figures [p] and [7} Figures [5| and [7] display snapshots at increasing times after the off and on
switching event, respectively. Movies of the switching process displaying the evolution of the cation con-
centration, the electric potential, and the hole concentration are provided in the supplementary informa-
tion.
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Figure 4: General simulation protocol applied here. Whereas the drain potential is kept constant (here: Vps = —1Vr),
a square voltage pulse Vigg(t) is applied to the gate (here: Vg = +£4Vy). The simulation starts with transistors that are
in the steady state at negative voltages (here: the steady state at Vg =  —4Vp), so that the first half of the simulation

corresponds to an injection of cations into the semiconductor and hence the off-switching process. In the middle of the
simulation, the polarity of the gate voltage is reversed. Except for Figure [16] it is ensured that the transistor has reached
steady conditions before any switching event.
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Figure 5: Snapshots of the distribution of cations during off-switching. The gate electrode is marked by a red box on top
of the device, whereas source and drain electrodes are marked by small red boxes at the bottom left and right, respectively.
The cation concentration in the electrolyte is almost constant (dark blue region), in contrast to the cation concentration
within the PEDOT:PSS layer, which shows a strong gradient from source to drain electrode. The upper left panels in-
cludes white lines representing the direction of the flow of cations. The drain potential is kept at Vpgs = —1Vp, and the
gate potential is switched from Vg = —4Vy to 4Vr.

Switching from the equilibrium state at Vgs = —4Vr to Vigs = 4V is shown in Figure [5] In this plot,
the position of the gate electrode is marked by a thin red box at the top of the device; source and drain
are indicated by smaller red boxes on the bottom left and right of the figures. The electrolyte is visible
by the dark blue area of (almost) constant ion concentration, and the PEDOT:PSS layer below shows a
gradient in ion concentration.

Overall, ions are injected homogeneously into the organic semiconductor along the whole device length.
Already after 40 — 50us, the cation concentration along the y-axis is constant within the organic semi-
conductor (% ~ 0), and a gradient in concentration along the x-axis is formed.

To visualize the flow of ions during switching, lines that symbolize the path of ions injected into the de-
vice at the gate are added to the upper left 2D plot. These streamlines indicate that ions are injected
vertically into the organic layer, continue to flow vertically towards the bottom of the channel, where
they turn and continue horizontally toward the drain electrode.

Whereas the streamlines only provide a qualitative understanding of the direction of the ion flow, verti-
cal (jiony) and horizontal (jion.) components of the ion currents at the midpoint position between source
and drain are displayed in Figure [6]

Figure [6] shows horizontal and vertical ion currents during a full switching cycle. The precise ratio be-
tween vertical and horizontal currents depends on the vertical position inside the organic semiconductor,
plotted here is the current density at y = 0.5nm, i.e. close to the bottom of the device.

Figure [6] shows that ions are quickly injected into the organic layer by vertical currents, which leads to

a rapid de-doping of the organic layer and consequently drop in drain current. However, these vertical
currents quickly subside during off-switching. In contrast, the magnitude of lateral ion currents increases
and reaches a maximum at approx. ¢ = 200 — 300us. Following this maximum, lateral currents drop to
zero slowly, and steady-state is finally reached. Therefore, although the drain current is expected to drop
quickly due to a rapid de-doping by vertical ion currents, the overall time to reach steady state is domi-
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Figure 6: Horizontal (jion,s, blue) vs. vertical (jion,y, red) ion currents at the middle of the transistor channel during off-
and on- switching. Whereas horizontal currents dominate during off-switching, they are less dominant during on-switching.

nated by lateral ion currents needed to reach the equilibrium concentration of ions along the channel.
The cation distribution during on-switching is shown in Figure [7] In contrast to off-switching, on-
switching is not homogeneous along the transistor channel.

As the ion concentration is highest at the drain, most ion currents originate there. The streamlines of
ions starting at the drain electrode are shown in the upper left plot. In contrast to off-switching, these
ions do not flow laterally along the transistor channel, but are oriented upward and are quickly drained
at the gate electrode.

This difference between the ratio of lateral and vertical ion currents is seen as well in Figure [6] In con-
trast to off-switching, horizontal and vertical currents are on the same order of magnitude, which is in
line with the tendency of cations to drain quickly towards the top of the OECT.

2.3 Scaling of Switching

The previous analysis has shown that switching of OECTs deviates significantly from previous models
used to discuss OECTSs. In particular, the use of an average ion and hole concentration along the tran-
sistor channel hides effects of lateral ion currents, which were shown to strongly influence off switching.
To see if these differences have an impact on the switching times and scaling laws of OECTs, the re-
sponse of OECTs with varying PEDOT:PSS layer thicknesses 7', channel lengths L, and ion mobility
(connected to the diffusion constant D via Einstein’s equation) are shown in Figure [8]

2.3.1 Thickness Scaling

The transient response of the drain current for varying thickness of the PEDOT:PSS layer (1" =
17,34,51,68,85nm) is shown in Figure , top. For all cases, the drain current follows a simple expo-
nential relaxation in response to a voltage step applied at the gate electrode. As seen as well, the steady
state current reached after longer simulation times scales with the thickness of the organic layers, which
is in agreement with known steady-state scaling laws of OECTsHY.

The characteristic time constant of this exponential rise/decay of the drain current during off-switching
Torf (ie. for 0 < t < 300us) and on-switching 7,, (for 300us < ¢t < 600us) calculated as the time
taken until the current drops to 1/e of its initial value, is plotted vs. the channel thickness in Figure @a
and Figure [9b. Both time constants increase almost linearly with the organic layer thickness. This di-
rect proportionality between the characteristic time of switching and thickness T" can be explained with
the help of Figure [9k, which plots the total ionic charge injected into the organic layer, calculated by
integrating the gate current over time. Overall, the total ionic charge injected scales linearly with the
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Log(Cation Concentration [m>]) During On Switching
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Figure 7: Snapshots of the cation distribution during on-switching. Ions originating from the drain are extracted rapidly at
the gate electrode, leading to stronger vertical currents compared to off-switching. Please note that the scale was adjusted
between different time steps to show the changes in the ion concentration inside the organic layers.
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Figure 8: Scaling of the transient response of OECTs with the thickness of the organic layer (top), the channel length
(middle), and the ion mobility (bottom)
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Figure 10: Time constants 7, and 7,75 vs. thickness of the organic semiconductor T' (channel width w = 2 mm, channel
length L = 350 pwm) measured at Vpg = —0.4V.

thickness T'. As all other geometric dimensions, in particular the channel length and the thickness of the
electrolyte, are kept constant, it takes longer to charge thicker organic layers.

The predicted dependency of 7,, and 7,7 on the thickness of the PEDOT:PSS layer can be confirmed
by experiments. Figure plots both time constants vs. the organic layer thickness measured at a con-
stant drain potential of Vpg = —0.1V (channel length L = 350pm and width w = 2mm). A symmetric
square wave of Vg = +0.5V is applied to the gate electrode. A relatively low frequency of f = 1.5Hz is
used to ensure that the transistors reach steady state before the next switching event. The square sym-
bols represents mean time constants, the box size indicates the standard error, and stars denote out-
liers. The data was calculated from a set of at least 4 transistors and 12 measurements for each data
point. As expected from the model, the devices show an increase in their time constants for thicker PE-
DOT:PSS films, confirming the bulk nature of the switching mechanism of OECTs.

A comparison of the simulated time constants 7., and 7,7, (Figure[9a) and b)) shows that on-switching
is consistently faster than off-switching. This difference can be explained by the different contributions
of lateral ion currents to the different switching events, as discussed above. During off-switching, ions
are homogeneously injected into the PEDOT:PSS layer, and transported laterally toward the drain elec-
trode. During on-switching, in contrast, ions are moving predominantly vertically from the transistor
channel toward the gate. Considering that the channel length of OECTSs is usually much larger than

the thickness of the semiconductor layer, lateral ion currents limit off-switching events and render them
slower than on-switching.

Although the time constants extracted from the experiment tend to show the same trends (cf. Figure
10)), i.e. a slower off-switching and faster on-switching is observed, the difference between 7,7, and 7o,

is smaller than expected from the simulation. This difference might be caused by defects in the mate-
rials not included in the model, or the significantly larger distance of the gate electrode from the tran-
sistor channel in the experiment compared to the rather thin electrolyte layer used in the simulation.
This larger distance leads to an increased ionic resistance, which reduces direct vertical ion currents and
hence diminishes the difference between the magnitude of lateral and vertical ion currents in real de-
vices.

Furthermore, in addition to the effect of different migration pathways taken by the cations during off-
and on-switching, a difference in conversion rates between neutral, polaronic, and bipolaronic species on
PEDOT:PSS during doping and de-doping as found by Paulsen et al.[44] and Rebetez et al.[45] can con-
tribute to asymmetry seen between on and off switching. Adding detailed reaction kinetics of the doping
and de-doping process will help to distinguish between these effects in the future.
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2.3.2 Channel Length and Mobility Scaling

The middle panel of Figure |8 plots the response of transistors with increasing channel length to sym-
metric square waves applied to the gate. In contrast to the thickness dependency, the characteristic
shape of the switching process changes. Starting from a continuous relaxation for the shortest channel
(L = 1.13um), the response changes into an increasingly spiking one for longer channel lengths L. Fur-
thermore, as expected from Equation 4| and steady state simulations as well®» %1 the steady state cur-
rent Ip 4 is inversely proportional to the channel length L.

The characteristic time constants for on-switching 7,, shown in Figure [J]is still smaller than the one for
off switching 7, for all channel lengths, reflecting the same trend as seen above. However, in contrast
to increasing the thickness T, an increase in channel length L does not increase these time constants.
Although increasing the channel length increases the overall volume of the organic layer and amount of
injected cations into the organic semiconductor (cf. Figure @c), the total ionic resistance R; of the elec-
trolyte decreases inversely proportional to the channel length. Hence, the increase in total ionic charge
cancels with an increase in gate currents. However, it has to be stressed that this analysis neglects any
parasitic series resistances, i.e. cable resistances or limited driving currents from a previous stage in a
logic circuit, which could add additional limitations to the transient response at larger channel lengths.
Again, the trends seen in the simulation can be reproduced in experiments. Figure plots the full re-
sponse of transistors with varying channel length (L = 350, 700, 1050, 1400, 1750, 2100 pum) to a square
input voltage wave of Vgg = +0.5V at different drain potentials Vpg. For the channel lengths studied
here, OECTSs always show a spiking response. Furthermore, the steady state current clearly scales with
the inverse of the channel length.

Time constants extracted from the experiments are shown in Figure Time constants were measured
for a wider range of drain and gate potentials, and show no (7,,) or only weak (7,7¢) dependency on the
channel length. The slight increase in (7,7 with channel length could be caused by parasitic resistances
of the measurement setup, increasing the time constant.

Finally, the bottom panel of Figure [§ and Figure [9 plot the dependency of switching on the ion mobil-
ity. As expected, the increase in ion mobility does not influence the amount of ionic charge injected into
the organic semiconductor. However, lateral and vertical ion currents inside the organic layer increase
for larger mobilities, and the devices responds faster to the voltage step. Consequently, both, on and off
switching time constants decrease for larger ion mobilities.
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Figure 12: Dependency of time constants 7, (a) and 7,75 (b) on the channel length. No systematic dependency is found
for a wide range of applied drain and gate potentials. Dimensions of channel are w, d =2 mm, 160 nm

2.3.3 Comparison of Trends with Predictions from Bernard’s model

The scaling trends shown here are in line with the trends predicted by Bernard’s model (Equation .
For example, the thickness dependency can be explained assuming that the system is limited by the
charging of the organic layer with ions. Hence, the ionic time constant 7; = R,C¢ determines the re-
sponse. As the gate capacitance is found to scale with the volume of the organic semiconducting layer, a
proportionality of 7 o< d is indeed expected.

Similarly, the transition from a simple relaxation in drain current to an increasingly spiking type re-
sponse is in line with the discussion of Figure [2, where it was shown that the response of OECTSs is ex-
pected to be a simple relaxation behavior if f = < 1. However, as 7, = % scales with the square of
the channel length, a transition to a spiking response for 7. &~ 7; is anticipated for devices with longer
channels.

Although Bernard’s model seems to describe the thickness, mobility, and channel length dependency
well, it cannot describe the full switching process and fails to correctly describe other trends. The first
example is the apparent asymmetry between on and off switching, which was consistently observed in all
simulations. More cases, where a full 2D device simulation is needed to describe the OECT correctly, are
discussed in the following.

2.4 Influence of Lateral Ion Currents on Switching

As discussed above, off-switching of OECT is characterized by a rapid charging of the organic layer with
cations, driven by vertical ion currents, and a subsequent re-distribution of cations along the transistor
channel due to lateral currents. These lateral currents are essential to reach the equilibrium state of the
OECT, and to establish an accumulation of cations at the drain 3%

2.4.1 Influence of the Drain Potential Vpg

Lateral ion currents are driven by the lateral electric field created by the potential difference between the
source and drain electrode Vpg. Therefore, it is expected that the magnitude of lateral currents and in
turn the time constant of off-switching depends on the drain potential.

Figure plots the simulated lateral and vertical ion currents, normalized to their maximum value,
for different drain potentials. Indeed, increasing the drain potential results in a larger lateral field along
the transistor channel, which in turn results in a faster relaxation and faster drop in lateral ion currents.
Vertical currents, however, are only weakly influenced by the potential applied to the drain. Further-
more, ion currents during on-switching were observed to not be affected by the drain potential.
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vertical currents are only weakly influenced by the drain potential, horizontal currents drop faster for larger drain poten-
tials. All curves are normalized to their maximum value. b) Characteristic time constants of off- and on-switching 7,7¢ and
Ton- Whereas on-switching does not strongly depend on the drain potential, off-switching is considerably faster for higher
negative drain potentials.

This dependency leads to time constants that depend on the applied drain potential (cf. Figure )
As expected from the trends in lateral and vertical ion currents, the off-switching time constant 7,
drops for larger (negative) drain potential, whereas the on-switching time constant remains fairly con-
stant or even increases slightly.

The dependency of the switching time on the drain potential is seen in the experimental data shown in
Figure which plots 7, and 7,7, for transistors with different PEDOT:PSS thickness. For all varia-
tions, a clear drop in the switching times for larger negative drain potentials is observed.

Although a weaker influence of the drain potential on the on-switching time constant 7,,, compared to
the off-switching time constant is found in Figure the drop in the on-switching times is in contrast
to the simulation. As discussed above, this discrepancy can be explained by the larger ionic resistance of
the electrolyte in the experiment, which reduces the influence of vertical ion currents during on-switching
and hence amplifies the significance of the lateral drain potential.

2.4.2 Geometry dependency

Not only does the lateral ion current result in a drain potential dependence of the off-switching, it in-
troduces as well a complex geometry dependence of the switching process not properly accounted for in
previous models. To discuss this influence, the device model is altered so that the gate electrode of the
OECT does not cover the complete device, but only a smaller portion of the OECT in the center of the
transistor channel. Whereas this change does not influence the steady state of the device, it distinctly
changes the transient response during switching.

The result of these simulations is shown in Figure which plots the cation distribution inside the de-
vice after application of a positive potential to the gate. The shortened gate electrode is indicated by a
small red rectangular on top of the device.

In contrast to the results obtained for a gate that extends across the complete device (Figure [5)), cations
are only injected underneath the gate electrode, i.e. in the middle of the transistor channel. From there,
cations have to migrate laterally toward the drain or source electrode. This additional lateral current
component needed to switch the transistor off leads to a slowing down of the transistor. In Figure [13p
Ton and 7,7 are compared for the different gate electrode geometries. For all drain potentials, an in-
crease in 7,, and 7,7 is observed for smaller gate electrodes.
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Figure 15: Snapshots of the cation distribution during off-switching. In contrast to Figure |5 the gate electrode is not
extending across the whole device. That leads to a slow migration of ions toward the sides of the device.
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2.4.3 Frequency dependence of Switching

During all model calculations and experiments discussed above, a low frequency of the square input
pulse was used. Furthermore, steady-state conditions were enforced in the model before the gate voltage
changes polarity to ensure that the true time constants are extracted from the current transients.

This additional precaution was not taken in Figure and the frequency of the input pulse was in-
creased from f = 2.5kHz to 80kH z. The resulting current transients and the applied voltage waveforms
are displayed in Figure [16f. For increased frequencies, the device is not fully switched off during the
first half of the cycle duration, i.e. the drain current does not reach its equilibrium value.

In contrast to off-switching, steady state conditions are reached after on switching for all frequencies. As
seen in Figure [L6b, devices relax faster towards this steady state at higher frequencies, resulting in an
seemingly shorter time constant. However, this reduction in switching time is not due to an increase in
device performance, but due to an insufficient off-switching process preceding the negative gate voltage
pulse. This is illustrated in Figure [16c. For higher frequencies, less ionic charge is injected into the or-
ganic layer, which corresponds to the incomplete off-switching observed in Figure [L6h. Hence, during the
subsequent on-switching event, less ions have to be removed from the semiconductor, leading to an in-
correct calculation of the on switching time 7,,.

This apparent dependency of the switching time constants on frequency can be reproduced in the exper-
iments, which is shown in Figure Again, a square voltage pulse is applied to the gate, but the fre-
quency of switching is increased from 0.1 to 100H z. For the highest frequency, the transient response
doesn’t reach steady state conditions (Figure |17|a), leading to a drop in the on and off current /oy and
Iorr shown in Figure [17|b). Most importantly, the apparent switching time constants, shown in Figure
drop with frequency, already before the decrease in the on and off current becomes noticeable.
Overall, these results show that care has to be taken when characterizing the transient response of
OECTs. Not only has to be ensured that devices reach steady state conditions after the switching event,
but before as well. Otherwise, artificially short time constants and consequently high switching frequen-
cies can be deduced that are not representative of the device performance.

3 Discussion and Conclusions

Although Organic Electrochemical Transistors rely on a slow migration of ions, they have been reported
to be able to switch quickly, which reinforces their status as one of the most promising device technology
for organic biosensing.

Current device models used to discuss OECT switching approximate the ion and hole concentration
along the transistor channel with their average value, which reduces this complex problem into a one di-
mensional one that can be solved analytically. As shown here as well, these models are successful and
can correctly reproduce scaling trends for the thickness of the organic layer, the channel length, or the
ion mobility.

However, averaging hole and ion concentrations along the transistor channel neglects lateral ion currents
flowing inside the transistor channel. Here, it is shown that these lateral currents can limit the switch-
ing process. Following a rapid drop in drain current, caused by ions vertically injected into the transistor
channel, ions re-distribute inside the channel by lateral currents until the steady state of the OECT is
reached. Depending on the applied drain potential, channel length, and precise geometry of the OECT,
this second step can be slow and is seen by a slow relaxation of drain currents.

These results have a significance for reporting on response times of OECTs. Response times have to be
interpreted in relation to the applied drain potential, as a larger drain voltage can lead to a faster re-
sponse despite using a semiconductor material with lower ion and charge mobility. Similarly, care has
to be taken to characterize the full swing of the transistor between the two steady-state conditions at
the gate voltages before and after application of the voltage pulse. Although fast response times can be
reached, these values do not necessarily represent the full swing of the transistor and might merely rep-
resent switching between two transient states.
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age pulses and simulated source, drain, and gate currents. (b) Dependency of the rise time calculated from the simulation
results on the frequency. (b) Amount of charge injected or removed during the switching cycle.
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Figure 17: Frequency dependence of the transient response of OECTs. (a) Applied gate voltage pulses and resulting drain
and gate currents. The gate current was limited to ~ +0.1 mA. (b) Drain current in the ON and OFF states at varying
frequencies. (c) 7o, and 7,75 in dependence of the frequency of the applied gate signal. A symmetric square gate signal of
+0.5 V was used and the drain was maintained at —0.4 V' with respect to the source. Each data point is an average of 8
OECTs. Dimensions of the channel are L, w, T = 350 ym, 2 mm, 160 nm.

4 Experimental Details

OECT devices were processed on 21.5 mm x 21.5 mm x 1 mm plain glass substrates. Precisely cut
glass substrates are cleaned in a clean-room facility using a standard protocol. Substrates are first son-
icated for 25 minutes followed by thorough rinsing with lab grade organic solvents (isopropyl alcohol,
methanol and acetone) and subsequent drying. Cleaning is followed by deposition of 15 nm chromium
and 40 nm gold metals to form source and drain electrodes. Thermal evaporation using the EvoVac sys-
tem of Angstrom Engineering at a rate of 0.4 As~' was used. The background pressure in the system
remained below 1076 Torr. These electrodes were structured using shadow masks during deposition. The
width of the channel varied from 350 — 2100 pm, the channel width was fixed to 2 mm.

To deposit the PEDOT:PSS layer, 10 ml of PH 1000 solution from Clevios was mixed with 0.5 ml ethy-
lene glycol (EG) and 25 pl dodecyl benzene sulfonic acid (DBSA) to enhance the conductivity of the
semiconductor. A small amount (1%w/w) of (3-Glycidyloxypropyl)trimethoxysilane (GOPS) was also
added to increase adhesion and strength of the PEDOT:PSS film. This PEDOT:PSS solution was spin-
coated on the substrates using the spin coater “P6204-A” of Specialty Coating Systems at variable
speeds (1000-5000 rpm) for a minute, leading to thickness varying from ~ 72 — 160 nm.

Spin coating was followed by an hour-long baking on a hot plate at 140°C". The PEDOT:PSS polymer
film was structured using oxygen plasma and glass masks in a oxygen plasma (200 W for 5 min, Ox-
ford 80 Plasma Lab). 100 mM NaCl solution in DI water was used as electrolyte. EG, DBSA, GOPS,
and NaCl were purchased from Sigma-Aldrich and used as received. To confine the electrolyte, a well

of Polydimethylsiloxane (PDMS, DOW Sylgard 184 silicone elastomer kit and curing agent) was used.
A silver rod was used as the gate electrode. All transient characterization was done using a Tektronix

4 Series Mixed Signal Oscilloscope (TEK MSO46) and an in-house built operational amplifier to reduce
noise. All voltages were referenced to the source electrode kept at ground.

Supporting Information
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A fast response of Organic Electrochemical Transistors to changing environmental conditions is essential for their
widespread use as sensors. Here, a 2-D drift-diffusion model is presented to gain a better understanding of transient pro-
cesses limiting the speed of OECTs. It is shown that the switching is strongly influenced by lateral ion currents which in
turn depends on the biasing conditions, and the detailed geometry.
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