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Abstract

Understanding the factors underpinning device switching times is crucial for the implementation of organic
electrochemical transistors (OECTs) in neuromorphic computing, bioelectronics, and real-time sensing
applications. Existing models of device operation cannot explain the experimental observations that turn-
off times are generally much faster than turn-on times in accumulation mode OECTs. Using operando
optical microscopy, we image the local doping level of the transistor channel and show that turn-on occurs
in two stages, propagation of a doping front, followed by uniform doping, while turn-off occurs in one
stage. We attribute the faster turn-off to a combination of engineering as well as physical and chemical
factors including channel geometry, differences in doping and dedoping kinetics, and the phenomena of
carrier density-dependent mobility. We show that ion transport limits the operation speed in our devices.

Our study provides insights into the kinetics of OECTs and guidelines for engineering faster OECTs.
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Main text

Organic electrochemical transistors (OECTs) are currently being explored for applications including
bioelectronics,!™ logic circuit elements,*® and neuromorphic devices.”'? As a class of transistors, OECTs
feature high transconductance (= mS),'* low operation voltage (typically < |1 V|),!* and direct response to

14,15

biologically relevant ions and neurotransmitters.'®!” The relatively soft nature of organic

218 in mechanically flexible

semiconductors used in OECTs enables the detection of action potentials
environments and enables applications in brain-machine interfaces and in vivo sensing.!”?! To unleash the
full potential of OECTs, a deeper understanding of the fundamental transistor operation mechanisms is
necessary, especially transistor switching behaviors, which are critical to the training phase of
neuromorphic computing and to both simulating behaviors of arrays of transistors and their scaling

properties.?>?

In OECTs, organic mixed ionic-electronic (semi)conductors (OMIECs) are used as channel active
layers, with the most common materials being conjugated polymers.>*® The conductivity of an OECT is
modulated by the electrochemical gate potential, which controls the doping level (redox state) of the
conjugated polymer channel. Importantly, in contrast to conventional field-effect transistors (FETSs),
OECTs exhibit volumetric doping: the gate voltage changes the conductivity of the entire volume of the
transistor channel, rather than just the surface layer, and counterions injected from the electrolyte provide
charge compensation for injected electronic carriers.?’ At steady-state, the channel current (Ip) is governed
by both carrier mobility and carrier density. The steady-state behavior of OECTs has been relatively well

d.24233931 T benchmark the device performance, the product of electronic mobility and volumetric

studie
capacitance, uC", is recognized in the literature as the material figure of merit of OECT in steady-state

operation.*

Compared to the steady-state performance, our current knowledge of OECT kinetics is limited.*!

For example, the switching speed for materials with identical £C" can vary by many orders of magnitude.
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Understanding the switching behaviors of OECTs is crucial for designing logic units as well as emulating
and sensing neural activity, which typically operates at the frequency of =~ 100 Hz.!® The widely-used
Bernards model describes the transient behavior with an equivalent RC circuit as the ionic path and makes
the quasistatic approximation for the channel charge distribution.*® Several improved models based on the
original Bernards model have been proposed with more complex equivalent circuits describing the ionic
circuit.**3% Recently, Paudel ef al. demonstrated a 2D-finite element model that shows the existence of the
lateral ion current during switching.’® These kinetics studies are all based on poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), which operates as a depletion mode
OECT, and may not be directly comparable to accumulation mode OECTs. To our best of knowledge, only
one recent study by Keene et al. has started to discuss the transient response of accumulation mode OECTs,

focusing on device turn-on kinetics.?’
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Asymmetric OECT response times

Figure 1a shows a typical transient response of an accumulation mode OECT: the transistor is turned on
(higher |/p|) upon gate potential applied and is turned off upon potential removal. We first use the Bernards
model®® to describe the transistor switching behavior (Supplementary Note 1). The Bernards model
expresses the variation of Ip over time as a single exponential function following a square Vg pulse, with
one RC time constant related to ion transport into the channel polymer.** We find that the Bernards model
fails to predict three aspects of the transient response for accumulation mode OECTs: (1) the initial
transistor turn-on, which shows a short delay in experiments (Fig. 1a, bottom left) rather than instant turn-
on; (2) the experimental transistor turn-on is not a single exponential function; (3) the difference in transistor
switching-on and switching-off times is asymmetric in experiment, but symmetric in the model (Fig. 1a).
These issues, especially the difference in transistor switching times, cannot be resolved even we apply later
models, as these models focus on either incorporating more passive circuit elements into the equivalent
circuit or interpreting the pre-exponential factor.>** Figure 1b and Supplementary Table 1 display the
turn-on and turn-off times of accumulation mode OECTs from both this paper and our literature survey.
Figure 1b shows that faster device turn-off compared to turn-on is indeed ubiquitous, though less

discussed.?®

One hypothesis is that this asymmetry could arise from the switching potentials chosen. Based on
the Butler—Volmer model, the electrochemical reaction rate is influenced by the activation potential.***' It
is possible that the faster turn-off is the result of smaller voltage differences between Vo, and Vr compared
to Vorr and V', namely, |Von — V1| < |Votr — V1|. To rule out the influence of the mismatch between switching
on and off gate potentials, we selected three p-type polymers as examples and tested their OECT Kkinetics
with fixed voltage differences between Vr and switching potentials: poly[2,5-bis-(thiophenyl)-1,4-bis(2-(2-
(2-methoxyethoxy)ethoxy)ethoxy)-benzene] (PB2T-TEG),* poly(3-{[2-(2-
methoxyethoxy)ethoxy]methyl}-thiophene-2,5-diyl) (P3MEEMT),** and poly(3-hexylthiophene-2,5-

diyl) (P3HT) (structure and performance in Supplementary Fig. 1); and using two aqueous electrolytes:

5
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potassium chloride (KCl) and potassium trifluoromethanesulfonimide (KTFSI). After accounting for
threshold voltage, we still observe faster turn-off behavior (Fig. 1b, stars). Clearly, the asymmetry in

switching times must be related to other factors like polymer doping/dedoping kinetics or device geometry.
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Comparison between OECT and spectroelectrochemistry

Because the magnitude of Ip is closely related to the electrochemical doping level of the channel conjugated
polymer,*# it is possible that faster OECT turn-off is an inherent consequence of differences in
electrochemical doping and dedoping due to, for example, polymer structural changes. We therefore
compared the doping and dedoping kinetics of spectroelectrochemistry (two-terminal diodes) to the turn-
on and turn-off speed of OECTs (three-terminal transistors). Figure 2a,b display the geometries of the
spectroelectrochemistry and OECT measurements. Figure 2¢ shows the steady-state UV-Vis spectra,
which provides information on the electronic states of the conjugated polymers. When electrochemically
doped, the polymer is oxidized by formation of polarons, resulting in the bleaching of the n-n" transition
peak (= 525 nm) and increased absorption of the polaron peak (= 680 nm). Figure 2d shows the drain current
vs. drain voltage curves at two different gate voltages corresponding to the on-state (doped) and the off-
state (neutral). Time-resolved UV-Vis spectra show the rate of polaron injection and removal, expressed
via the time constants: Tdgoping and Taedoping. W€ Obtain the time constants by exponential fits of the polaron
absorption peak over time (Fig. 2e and Supplementary Figs. 2 and 3). These kinetics are stable over
multiple cycles over the timescales of our experiments (Supplementary Fig. 4), indicating no significant
sample property changes (i.e., material degradation) during testing. The turn-on and turn-off periods we use
(10 s) are sufficiently long (> 37) such that any impact from memory of previous cycles is negligible. Below,
we refer to similar time constants from the transient response of OECT switching as 7,, and 7y to
distinguish them from the spectroelectrochemistry time constants (Fig. 2f and Supplementary Figs. 2 and
3). Given the effect of the activation potential previously discussed, we measured the operando UV-Vis
spectra under the same potential difference with respect to the equilibrium potential, or open circuit

potential (OCP). The V'r and OCP values are listed in Supplementary Table 2.

Figure 2g,h summarize the ratios of Zdoping/Tdedoping (Spectroelectrochemistry) and ton/7orr (OECT) of four
polymer-electrolyte pairs, respectively. We showed that, in both spectroelectrochemistry and OECTs, the

processes involving polymer doping are slower than the ones associated with polymer dedoping. However,
7



across all polymers and electrolytes, the switching difference between these two processes is much larger
in OECTs compared to spectroelectrochemistry (Supplementary Table 3). Interestingly, we find that the
timescale of OECT turn-on is comparable to the timescale for spectroelectrochemical doping, while OECT
turn-off is much faster than spectroelectrochemical dedoping (approximately 10-100x faster). These results

suggest that faster OECT turn-off is not simply due to faster polymer dedoping.
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Operando microscopy characterization

To further understand the origin of faster device turn-off in accumulation mode OECTs, we probe the
electrochemical doping level of the conjugated polymer channel via operando optical microscopy coupled
with a 650 nm long pass filter to selectively monitor polaron formation (Fig. 3a). Even though we cannot
probe the ion distribution in the OECT channel directly, Jackson et al. demonstrated good nanometer-scale
spatial correlation between counterion and polaron in the doped conjugated polymer film,*’ suggesting the
polaron and the counterion densities are correlated, as expected from charge balance. Figure 3b shows the
transient response of Ip and /g during transistor turn-on, with the Vp applied and kept constant before
applying V. This process simulates the case of transistor operation where the Vg is switching the source-
drain channel on and off. We observed an immediate /g response to the Vi, which shows a typical spiking
and decay behavior, suggesting ion injection from the electrolyte into the channel polymer. In contrast, /p
remains relatively low initially after Vo, applied, which to our knowledge, has not been discussed previously.
Figure 3c shows the microscope movie frames during turn-on. Darker pixels represent more polaron
absorption and thus a higher electrochemical doping level. We observe that OECT device turn-on occurs

in two stages: (1) a doping front propagation stage and (2) a vertical doping stage.

During the doping front propagation stage, we find that even though substantial doping of the
channel polymer is already occurring, the growth of the Ip starts only after the doping front position (Xfront)
reaches the drain electrode (Fig. 3d,e and Supplementary Video 1). We thus introduce the doping front
propagation time, t,,, as the time required for the doping front to propagate across the entire channel from
the source to the drain electrode, with the value of = 270 ms for this particular device (L = 600 um). We
defined xmont as the position of the peak of the first derivative of the absorbance. Figure 3e shows the
relatively linear relation between xgon and time: the front is moving at a constant speed ~ 2.2 um/ms in this
case. The fact that we observe the doping front propagating from the source to drain electrode suggests that
the injection of electronic carriers is occurring primarily from the source electrode during device turn-on,

especially in the case where |Vp| = |V - V1| (when Vp equals to —0.2 V to -0.6 V). In the case of low V'p
9
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(when Vpequals to —0.1 V), the electronic carrier injection could occur at both source and drain electrodes
(Supplementary Video 2 and Supplementary Fig. 5), which is in agreement with the phenomenon
recently reported.’” In addition, we note that this doping front propagation stage (Ip remains relatively low

after Von applied) may be overlooked if transient response is characterized without high sampling rates.

In the vertical doping stage, we observed a similar speed of doping of the polymer in the center of
the channel and near both electrodes (Fig. 3f,g). We found the time of Ip increase (7ggct = 290 ms) and

polymer doping (Tspecg = 200 ms) is at the same order of magnitude, suggesting the /p increase is largely

dominated by the increase of doping level (or carrier density) along the channel with the underlying polymer
acting as an increasingly conductive, planar electrode. Figure 3 shows data from PB2T-TEG, a polymer
that undergoes a distinct structural phase transition upon doping.**> We find this two-stage behavior of a
doping front propagating followed by more uniform doping is a general accumulation mode OECT behavior
regardless of cycle number (Supplementary Video 3), active layer polymer (Supplementary Video 4),
channel length (Supplementary Fig. 6) or in the case where Vp and Vg are applied at the same time during

the beginning of transistor turn-on (Supplementary Video 5).

For the OECT device turn-off, or the vertical dedoping stage, we observed an immediate response
of both /Ip and /G to the Vosr (Fig. 3h and Supplementary Video 6). We did not observe a front propagation
event compared to turn-on. Figure 3i,j displays the polymer dedoping process along the channel. The
polymer dedopes relatively uniformly, with faster dedoping very near the source electrode (Fig. 3k). This
finding partly explains the faster OECT turn-off. If we consider conduction in the transistor channel as
through a series of resistors, if the resistance of one of the resistors increases (the polymer near source
electrode), the total resistance will increase and thus reduce /p. Nevertheless, this explanation must be
incomplete, as the turn-off speed of Ip is still much faster than the dedoping speed of polymer near source
electrode. Additionally, we found that even though the transistor is in the off-state already, dedoping of the
channel polymer is not fully complete, as noted by the absorbance in the polaron band (Fig. 3k). This

phenomenon suggests that, through shortening the off-interval (increased duty cycle), faster OECT turn-on
10
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in the subsequent cycle is achievable, as the channel is already in a slightly doped state (Supplementary
Note 2). We next considered whether carrier-density dependent mobility can account for the remaining

operational asymmetry.

11
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Carrier density-dependent mobility

Figure 4a shows the transient response of the Ip, carrier density, and average carrier mobility during the
transistor turn-off. We calculated the carrier density using both the integral of gate current over time and
average polaron absorbance along the channel during the vertical dedoping stage and both results are in

good agreement (Supplementary Fig. 7). We then estimated the average hole mobility in the channel via:

r= (W-d-Le-VD).I?D (1)

assuming a linear electric field along the channel, where u is the average carrier mobility, p is the hole
density, e is the electron charge and Vp is the drain voltage. L, W, and d represent channel length, width,
and thickness, respectively. We find the turn-off rate of Ip is comparable to the rate of the carrier mobility
decay, which, due to the non-linear relationship between density and mobility in conjugated polymers, is

about one order of magnitude faster than the carrier removal rate.

Figure 4b shows the calculated carrier mobility as a function of carrier density measured. We find
that the carrier mobility is indeed carrier density-dependent, especially in the high carrier density region.
Previously, Friedlein et al. demonstrated that the steady-state OECT performance can be well characterized

using a carrier density-dependent mobility of the form:

Eg

W= o (;'40)"’7_1 )

where p is mobility prefactor and p, is zero-field hole concentration. E, describes the energetic width of
the tail of the density of states, kg is Boltzmann’s constant and 7 is temperature.*® This equation captures
the filling of the density of states (DOS) due to energetic disorder in conjugated polymer materials.* This
relation also fits our extracted carrier mobility versus density data well. Supplementary Note 3 describes
detailed fittings and discussions of Eqn 2. Supplementary Note 4 shows the impact of £ on the asymmetry
of OECT turn-on and turn-off time based on the model incorporating Eqn 2. Specifically, we show that the

asymmetry increases (larger difference between turn-on and turn-off times) with larger Eo values (broader
12
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DOS/more amorphous) compared to smaller Eg values (narrower DOS/more crystalline). This simulated
result qualitatively agrees with our experimental results: more crystalline P3HT polymer, with Ey = 60
meV,> does show smaller difference between Taoping/Tdedoping (1.2) and Ton/Tofr (5.1) compared to PB2T-TEG,
which has Toping/Taedoping aNd Ton/Tofr Values to be 5.8 and 529, respectively. We hypothesize the OECT turn-
on/turn-off asymmetry originates partly from the spatially heterogeneous doping and dedoping, and partly
from the asymmetric polymer doping/dedoping rate (or the asymmetric carrier injection/ejection rate). This
asymmetry is further amplified by the non-linear, density-dependent carrier mobility (Eqn 2), thus
explaining the data in Fig. 2, showing why transistor behavior is more asymmetric than doping/dedoping

kinetics alone would imply.
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Engineering faster OECTs

With the knowledge from the operando microscopy, we express the two-stage turn-on with an empirical

biexponential equation including the initial front propagation time (#,):

_tt _t-tp
|Ip, Norm(©)| = A - (1 —e fl.on> +A4;- (1 —e fz,on); A +4; =1 (3)

where 71, onand 72, on are time constants associated with the vertical doping stage. 4; and 4 are two constants

with the value of 4; typically = 0.7 (Fig. 5a). For one-stage transistor turn-off, we described /p as:

t

|ID, Norm (t)l = e_?ff (4)
where 7osr is the time constant expressing vertical dedoping (Fig. Sa).

We next study how operating variables including potential and device geometry affect OECT
switching behavior (Fig. Sb—e and Supplementary Figs. 8—14). During the doping front propagation stage,
we find smaller #, with shorter channel length as expected because the doping front is propagating at a
relative constant speed. Surprisingly, we found ¢, is relatively independent of the drain potential. This result
suggests that ion transport from electrolyte into the polymer channel, instead of electronic transport from
the source electrode, is limiting the front propagation speed. Indeed, we find faster front propagation
(smaller #, values) with higher gate potentials, presumably because the increased gate potential speeds up
oxidation and ion injection. Furthermore, we observe smaller #, with increased ion concentration, thinner
channel active layer and for more chaotropic anions, all associated with shorter ion transport time from

electrolyte into polymer channel.

In the vertical doping and vertical dedoping stages, we find a similar trend of 71, on and 7orr compared
to tp, namely, smaller 7;, on and 7zofr if the ion transport time from electrolyte into polymer layer is reduced
(higher gate potential, increased ion concentration, thinner polymer layer and bulky anion®**!), We

hypothesize that the smaller 71, on and 7o With shorter channel length is akin to charging and discharging a

14
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capacitor, where smaller capacitance (shorter channel length) results in faster charging and discharging. In
contrast, the slower 7, on, with the magnitude of = 2-3 s, is less dependent on all operation variables. We
propose that 7>, o is associated with polymer structural relaxation or ionic/electronic charge reorganization,
as recently suggested by Wu et al.>? In addition, we noticed that when |V — V1| > |Vp|, or when the device
is operated in the linear region (shadowed area in Fig. Sd and Supplementary Fig. 15), the difference
between turn-on and turn-off response time becomes smaller. This result is reasonable as the transistor

behaves like a diode-like spectroelectrochemistry device when drain potential is decreased.

Finally, we demonstrate a SPICE circuit model (Supplementary Note 5) that incorporates a time-
dependent channel resistor to reflect the asymmetric kinetics.>>* In summary, from a geometric perspective,
shorter channel lengths, thinner polymer layers and higher gate potentials (ot drain potentials) facilitate
more rapid device switching. From the materials perspective, to improve device operation speed, one could
increase ion concentration, select more chaotropic counterions, or design polymer with higher ionic
conducting ability or more rigid backbones®*> to enable faster ion injection and minimize polymer
structural relaxation. Detailed discussions on other key factors for designing faster OECTs, the comparison
of existing OECT transient models, and the limitations of our model are in Supplementary Note 6,

Supplementary Table 4, Supplementary Table S, Supplementary Note 7, and Supplementary Note 8.
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Outlook

We studied the asymmetric transient behavior of accumulation mode OECTs. This behavior, while
ubiquitous in the literature, is rarely discussed, and is inconsistent with many common OECT models.
Through operando optical microscopy coupled with OECT characterization, we find that OECT turn-on
occurs in two temporally and spatially distinct stages: doping front propagation and vertical doping. In
contrast, turn-off occurs in a single step, with the fastest dedoping occurring near the source but the kinetics
varying only weakly across the channel. We identify several factors contributing to faster device turn-off
including channel geometry, differences in doping and dedoping kinetics, and the physical phenomena of
carrier density-dependent mobility. We then demonstrate an empirical model capturing the switching
behavior of accumulation mode OECTs and provide physical interpretations to the response time constants.
We further show that ion transport appears to be the limiting factor to device kinetics, and we offer guidance
for engineering faster accumulation mode OECTs from both a materials and device perspective. We
anticipate these results will aid in the selection of counterion chemistries and transistor geometries for

specific applications and help improve future physics-based drift-diffusion models.
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Figure legends/captions

Fig. 1 | OECT response times. a, Transient response of a typical accumulation mode OECT (solid) and
the fit with Bernards model (dashed). The initial stage of transistor turn-on and turn-off are magnified for
clarification. b, Accumulation mode OECT response times in literatures. Each point represents one
polymer-electrolyte pair. Detailed response times and references are listed in Supplementary Table 1. The
device response times measured in this work with carefully chosen gate voltage considering threshold
voltage are represented as star symbols, which are PB2T-TEG (0.1 M KCI), PAMEEMT (0.1 M KCl),
P3MEEMT (0.1 M KTFSI) and P3HT (0.1 M KTFSI). Solid and unfilled stars represent devices operated

in 0.1 M KCl electrolyte and 0.1M KTFSI electrolyte, respectively.

Fig. 2 | Comparison between OECT and UV-Vis spectroelectrochemistry. a,b, Schematic diagram of
spectroelectrochemistry (SpecEChem) (a) and OECT (b) experimental setups. ¢,d, Typical UV-Vis spectra
(c) and OECT output curves (d) of two steady-states (neutral/doped). e,f, An example transient response of
spectroelectrochemistry (e) at polaron peak absorption wavelength (680 nm) and OECT (f) at saturation
region (Vp = —0.6 V). gh, The zoping/Tdedoping Mmeasured in spectroelectrochemistry (g) and the zon/7otr
measured in OECT (h) for: PB2T-TEG and P3AMEEMT with 0.1 M KCl (solid); PAMEEMT and P3HT
with 0.1 M KTFSI (unfilled) The doping-voltage for spectroelectrochemistry, Vioping = OCP + 0.2 V, and
the dedoping-voltage, Viedoping = OCP — 0.2 V. The on-voltage for OECT, Vo= V1 — 0.2 V, and the off-
voltage, Vorr = V1 + 0.2 V. Time resolution of spectroelectrochemistry is = 10 ms and OECT is = 10 ps.
Error bars represent standard error of the mean from multiple cycles. We found the time constants difference
between the first three consecutive cycles is small to negligible for the selected polymers (see
Supplementary Fig. 4). For the OECT transient measurements, V'p was kept on from 0 s to 30 s while Vg
was applied at 10 s (V,n) and removed at 20 s (Vorr). OCP and Vrt values are listed in Supplementary Table

2.
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Fig. 3 | Operando optical microscope coupled with OECT switching. a, Operando optical microscope
setup schematics. b, Potential and current response during turn-on. ¢, Microscope movie screenshots during
turn-on with timestamp labels. Darker pixel represents higher polaron concentration. d, Normalized polaron
absorption along channel over time during doping front propagation stage (stage 1 in turn-on). e,
Comparison of /p and moving front position over time during doping front propagation stage. f, Normalized
polaron absorption along channel over time during vertical doping stage (stage 2 in turn-on). g, Comparison
of In and normalized polaron absorption over time at selected positions during vertical doping stage. The
solid lines indicate the fits. The insert image shows the selected positions over the channel. h, Potential and
current response during turn-off. i, Microscope movie screenshots during turn-off with timestamp labels. j,
Normalized polaron absorption along channel over time during turn-off, or vertical dedoping. K,
Comparison of normalized /p and normalized polaron absorption at three selected positions over time. The
insert image shows the selected positions over the channel (labeled as source, center and drain). A 650 nm
long pass filter was used, and the red channel intensity is used to calculate the polaron absorbance. The
polymer used here is PB2T-TEG, and the electrolyte is 0.1 M KCI. The transistor channel length is 600 um,
and the film thickness is = 120 nm. The drain potential is fixed at -0.6 V. We note that Vp is applied and
kept constant before applying Vg, simulating the case of transistor operation where the Vg is switching the

source-drain channel on and off.

Fig. 4 | OECT mobility and carrier density. a, Transient response of /p, carrier density and average carrier
mobility during the PB2T-TEG transistor turn-off. Solid line indicates the fit with biexponential equation.
b, Calculated carrier mobility as a function of carrier density using eqn (1). Solid line indicates the fit with

the eqn (2). The good fit of the classic density-dependent mobility formula to the experimental data based

19
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on the measured current and carrier density suggests the importance of carrier density-dependent mobility

in explaining the rapid turn-off of OECTs.

Fig. 5 | Dependency of OECT response times on the operation variables. a, Transient response of a
typical accumulation mode PB2T-TEG OECT and the fitting equations. b, Relation between time constants
and channel length. ¢, Relation between time constants and ion concentration. d, Relation between time
constants and Vp. e, Relation between time constants and |V — Vr|. Transistor channel width is 2.5 or 5
mm, and the thickness is =50 nm for all cases. Electrolyte is 0.1 M KCl and transistor channel length is 100
um unless otherwise specified. Vp is —0.6 V and |V — V1| is 0.2 V unless otherwise specified. Error bars

are standard error of the mean from at least 3 different devices. Dashed lines are guide to the eye.
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Methods

Polymer film preparation and characterization

The synthesis of PB2T-TEG"? (see detailed molecular weight information in the previous paper?) and
P3MEEMT? (M, = 24 kg/mol, B = 1.67) polymers were described in our previous works. P3HT was
obtained from Ossila (M109, My, =36.6 kg/mol). PB2T-TEG polymer was dissolved in chloroform with the
concentration of 2 to 4.5 mg/mL. PAMEEMT and P3HT polymers were dissolved in chlorobenzene with
the concentration of 20 mg/mL. All polymer solutions were stirred overnight at 50 °C prior to spin coating.
The substrates were cleaned sequentially by sonication in acetone and isopropanol for 15 min each. The
surface of the substrate was then treated with oxygen plasma for 3 min before spin coating. The spin rate
used is 600-2500 rpm to control film thickness between 20 nm to 120 nm. PB2T-TEG polymer films were

annealed at 150 °C for 10 minutes under N, after spin-coating.

OECT device fabrication and characterization

OECT devices comprised lithographically patterned gold on glass substrates (see lithography process below)
with transistor widths of 2.5 mm, 5 mm or 6 mm and lengths ranging from 10 pm to 600 pm. Polymers
were spun casted onto OECT substrates and were carefully removed except at the electrode junction region
via cotton tips (slightly dampened with acetone solution) under microscope or magnifying lens to ensure
minimum impact on the transient response. A secure seal hybridization chamber (GRACE BIO LABS) is
attached onto the substrate to confine the electrolyte. A Ag/AgCl pellet is used as the gate. The distance
between gate and channel is fixed at approximately 4 mm in this study. The transfer curves were measured
using two Keithley 2400 source-measure units controlled by custom Python code. The transient
measurements were conducted with NI PXIe-5451, NI PXlIe-6366 and NI PXIe-8381 controlled by custom
LabVIEW code with time resolution = 10 us. Drain potential (}'p) is typically —0.6 V for OECT experiments
unless otherwise specified. We applied gate potential (V) in a fashion to compare transistors at fixed values

of |Vg — V1|, which is typically 0.2 V unless otherwise specified. For OECT transient measurements, we

27



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

kept the Vp fixed (on) while changing Vs for OECT device switching, which reflects a typical transistor

application situation where the gate is being used to switch the source drain current on and off.

The detailed lithography process: NR9-3000PY negative resist (Futurrex, Inc.) was deposited on
cleaned glass wafers with diameter equals to 100 mm (University Wafer, Inc.) using Rite Track Automated
Coater (SVG-90S), followed by UV light exposure (ABM-SemiAuto-Aligner) and resist development
(SVG-90S). Metal deposition (10 nm chromium and 100 nm gold) was accomplished through evaporation
(CHA Solution e-beam evaporator). The resist lift-off was achieved by soaking wafers in acetone solution

overnight. The wafers were then diced using a Disco Wafer Dicer (Disco, America).

Operando microscope coupled with OECT characterization

An iPhone 11 Pro (1080 P, 240 fps) was attached to Leica CME microscope with a 15X eyepiece, a 10X
objective (NA = 0.25) and a 650 nm long pass filter (FEL0650, THORLABS) for video recording. Videos
were analyzed using custom Python code with OpenCV library. A dark and a reference image were taken
for dark and flat field frame corrections, and absorbance calculation. To optimize the video contrast, a
thicker PB2T-TEG film was prepared by drop casting from 1 mg/mL chlorobenzene solution to slow down

the evaporation rate.

Spectroelectrochemistry characterization

The ultraviolet-visible (UV-Vis) absorption spectra were measured using an AVANTES spectrometer
(AvaSpec-2048L) coupled with an AVANTES light source (Avalight-HAL-S). Doping and dedoping UV-
Vis spectra were collected using continuous mode (with AvaSoft software) with time resolution =10
ms/spectrum. The potential bias is controlled using a Metrohm Autolab PGSTAT204 (with NOVA
Software version 2.1). Polymers were cast onto fluoride-doped tin oxide-coated glass (FTO, Sigma-Aldrich,
7 Q/sq) and used as a working electrode. A Ag/AgCl electrode and a Pt mesh were used as reference
electrode and counter electrode, respectively. All three electrodes were submerged into a cuvette containing

~ 2.5 mL of either 0.1 M KClgq) or 0.1 M KTFSIq).
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Data availability

The data that support the findings of this study are available within the paper and its Supplementary
Information. Source data are provided with this paper. Additional data may be requested from the authors.
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Supplementary Figure 2. The comparison between spectroelectrochemistry and OECT transient behaviors in 0.1
M KCI. The UV-Vis spectra of (a) PB2T-TEG and (d) PAMEEMT in 0.1 M KCI. The Polaron transient of (b) PB2T-
TEG and (¢) PAMEEMT in 0.1 M KCI. The OECT transient of (¢) PB2T-TEG and (f) PAMEEMT in 0.1 M KCI.
Dots represent the data and lines represent the fit in (b), (c), (e), and ().
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Supplementary Figure 3. The comparison between spectroelectrochemistry and OECT transient behaviors in 0.1
M KTEFSI. The UV-Vis spectra of (a) PB2T-TEG and (d) P3MEEMT in 0.1 M KTFSI. The polaron transient of (b)
PB2T-TEG and (¢) P3SMEEMT in 0.1 M KTFSI. The OECT transient of (¢) PB2T-TEG and (f) PAMEEMT in 0.1
M KTFSI. Dots represent the data and lines represent the fit in (b), (c), (e), and (f).
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Supplementary Figure 4. Comparison of time constants between different cycles. Overlay of the transient response
of three consecutive cycles in (a) OECT and (c) Spectroelectrochemistry. Comparison of the time constants of three
consecutive cycles in (b) OECT and (d) Spectroelectrochemistry. The measure of centers indicate the average time

constants and error bars represent the standard deviation (cycle number = 3). The polymer shown here is PB2T-
TEG and the electrolyte is 0.1 M KCL
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Supplementary Figure 5. Microscope screenshots of PB2T-TEG OECT channels during operation with different
Vb. Turn-on process with the drain voltage V'p of — 0.1 V (left), — 0.2 V (middle) and — 0.4 V (right). The video
was captured with a 650 nm long pass filter. Darker pixels represent higher polaron concentration.
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Supplementary Figure 6. Microscope screenshots of PMEEMT OECT channels during operation. Turn-on
process of PAMEEMT-based OECT with the channel length of (a) 600 pm (b) 50 um. The electrolyte is 0.1 M
KCI. Arrows indicate the doping front propagation direction. The color of the PAMEEMT polymer is red/orange
in the neutral state and blue in the doped state.
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Supplementary Figure 7. The absorption-hole density calibration based on Beer’s law. (a) The transient response
of current, charge, and absorbance of PB2T-TEG in spectroelectrochemistry. The electrolyte is 0.1 M KCL. (b) The
relation between absorbance and hole density.
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Supplementary Figure 8. The transient response with various channel lengths. The polymer is PB2T-TEG, and
the electrolyte is 0.1 M KCI. The transistor channel width is 5 mm and the film thickness is = 50 nm. The gate
potential is fixed at |V — V1| = 0.2 V, and the drain potential is — 0.6 V.
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Supplementary Figure 9. The transient response with various ion concentrations. The polymer is PB2T-TEG. The
transistor channel width is 2.5 mm, the channel length is 100 pm and the film thickness is = 50 nm. The gate
potential is fixed at |V’ — V1| = 0.2 V, and the drain potential is — 0.6 V.
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Supplementary Figure 10. The transient response with various drain potentials. The polymer is PB2T-TEG, and
the electrolyte is 0.1 M KCI. The transistor channel width is 5 mm, the channel length is 100 um, and the film
thickness is = 50 nm. The gate potential is fixed at |V — V1| =0.2 V.
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Supplementary Figure 11. The transient response with various gate potentials. The polymer is PB2T-TEG, and
the electrolyte is 0.1 M KCI. The transistor channel width is 5 mm, the channel length is 100 pm, and the film
thickness is = 50 nm. The drain potential is — 0.6 V.
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Supplementary Figure 12. The transient response with various film thickness. The polymer is PB2T-TEG, and
the electrolyte is 0.1 M KCI. The transistor channel width is 5 mm, and the channel length is 100 pm. The gate
potential is fixed at |V — V1| = 0.2 V, and the drain potential is — 0.6 V.
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Supplementary Figure 13. The transient response with various counter anion species. The polymer is PAMEEMT.
The transistor channel width is 5 mm, the channel length is 100 um, and the film thickness is = 120 nm. The gate
potential is fixed at |V — V1| = 0.2 V, and the drain potential is — 0.6 V.
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Supplementary Figure 15. The output curve of PB2T-TEG in 0.1 M KCI.
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Supplementary Tables

Supplementary Table 1. Accumulation mode OECT response times in literatures

The graph of the response times is shown in the main manuscript Figure 1B. We considered published results
with typical planar structure and aqueous electrolyte, which is the most common OECT structure to date.

Polymer Type | Ion Concentration (mM) Ion Type Ton (ms) | toff (ms) | Reference Note
gDPP-22T p PBS buffer PBS buffer 0.269 0.022 ! cOECT
p(g2T-TT) p 100 NaCl 0.42 0.043 2
P(gTDPPT) p 100 NaCl 0.46 0.08 3

P(bgDPP-MeOT?2) p 100 NaCl 0.516 0.03 4
P(IgDPP-MeOT?2) p 100 NaCl 0.578 0.063 4
p(gPyDPP-MeOT2) p 100 NaCl 0.77 0.46 5
PBBTL p 100 NaCl 2.7 1.1 6
PBBTL/BBL blend p 100 NaCl 3.05 1.95 6
TDPP-gTVT p 100 NaCl 7.3 0.3 7
TDPP-gTBTT p 100 NaCl 8.7 0.7 7
PProDOT-DPP p 100 LiCl 150 50 8
PProDOT-DPP p 100 LiPF6 260 280 8

P3APPT p 100 KPF6 580 11 o estimation
PIBET-AO p 50 KCl1+ CaCl12 654 463 10
PIBET-O p 50 KCl1+ CaClI2 714 526 10
PIBET-BO p 50 KCl1+ CaCI2 862 429 10
PIBT-BO p 50 KCl1+ CaCl12 3500 185 10

P3APPT p 100 KCl 9000 11 ? estimation

DPP-DTT (8:2) p 100 KPF6 14705 125 i 400 pum, estimation
DPP-DTT (1:0) p 100 KPF6 21739 125 1 400 pum, estimation
PIBET-A p 50 KCl+ CaCl2 | 29000 1700 10
Polymer Type | Ion Concentration (mM) Ion Type Ton (ms) | toff (ms) | Reference Note
Homo-gDPP n PBS buffer PBS buffer 0.313 0.031 ! cOECT
BBL152 n 100 NaCl 0.38 0.15 12
BBL98 n 100 NaCl 0.43 0.23 12
BBL60 n 100 NaCl 0.52 0.24 12
gNDI-T n 100 KClI 0.87 0.18 13 normalized to area
BBLI5 n 100 NaCl 0.89 0.7 12
PBBTL/BBL blend n 100 NaCl 1.72 0.38 6
P(gTDPP2FT) n 100 NaCl 1.75 0.15 3
gNDI-V n 100 KCl 2.9 0.32 13 normalized to area
P(gPzDPP-CT2) n 100 NaCl 3 1.8 14
P(gPzDPP-2T) n 100 NaCl 22.7 10.1 14
f-BTI2g-TVTCN n 100 NaCl 52 17 15
gAIID-2FT n 100 NaCl 58.5 18.2 16
f-BTI2g-TVT n 100 NaCl 68 27 15
BBLH n 100 KCl 80.3 6.6 17
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BBLL n 100 KCl 142 181 17
gAIID-T n 100 NacCl 213.3 35.6 16
f-BTI2TEG-FT n 100 NacCl 272 35 18
f-BTI2TEG-T n 100 NaCl 322 39 18
BBL n 100 NaCl 900 200 19 estimation
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Supplementary Table 2. OCP and V't values of different polymer/electrolyte pairs

Polymer Electrolyte | OCP (V)* | V¢ (V)
PB2T-TEG | 0.1 MKCI 0.11 -0.29
P3MEEMT 0.1 M KCl 0.13 -0.57
P3MEEMT | 0.1 M KTFSI -0.03 -0.38

P3HT 0.1 M KTFSI -0.12 -0.38

a Open circuit potential of the system.
b OECT threshold voltage. See Supplementary Figure 1.
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Supplementary Table 3. Response time constants of spectroelectrochemistry (SpecEChem) and OECT

SpecEChem OECT SpecEChem OECT

Tdoping (S) a Ton (S) b Tdedoping (S) ¢ Toff (S) d
PB2T-TEG 0.1 M KC1 1.69 + 0.01 | 0.65828 + 0.00701 | 0.29 £ 0.01 | 0.00124 £ 0.00002
P3MEEMT 0.1 M KCl 3.17+£0.07 | 1.14873 £ 0.03257 | 0.16 £ 0.01 | 0.01693 £0.00075
P3MEEMT | 0.1 MKTFSI | 1.054 0.03 | 0.34316 + 0.00515 | 0.154 0.01 | 0.00447 + 0.00004
P3HT 0.1 MKTFSI | 2.67 £0.35 | 2.25052 + 0.01539 | 2.18 £ 0.05 | 0.44508 £+ 0.00134

Polymer Electrolyte

Average tau from biexponential fit or single exponential fit. Error bars represent standard error of the mean
from multiple cycles. Time resolution of spectroelectrochemistry is = 10 ms.

Average tau from biexponential fit. We did not consider propagation time (#,) here. Error bars represent
standard error of the mean from multiple cycles. Time resolution of OECT is = 10 ps.

Average tau from biexponential fit or single exponential fit. Error bars represent standard error of the mean
from multiple cycles.

Tau from single exponential fit. Error bars represent standard error of the mean from multiple cycles.
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Supplementary Table 4. Comparison of existing OECT transient models

Year

Operation

Active

Study Mode Layer Model Delay Time Asymmetric Switching
2007 " Depletion PEDOT:PSS Empmcal i mgdel based on RC No No
Bernards et al charging circuit
2016 . . Empirical model based on simple
Gentile et al*! Depletion PEDOT:PSS Randles equivalent circuit: R(R||C) No No
2017 . . Empirical model based on Randles
Faria et al? Depletion PEDOT:PSS equivalent circuit: R(RW)||C) No No
Empirical model based on custom v . . .
ErsmzaOant al® Depletion PEDOT:PSS equivalent circuit including p-type No SWitChr;ggphySICal explanation for asymmetric
MOSFET
v- (a) Model predicts Tof/Ton ratio (the
asymmetry) depends strongly on drain potential
(2 to 6 times), which is attributed to difference in
2022 vertical/lateral ~ ionic  current  magnitude.
Paudel ot al2* Depletion PEDOT:PSS 2D drift—diffusion model No Simulated results suggest Tom/Ton ratio weakly
depends on thickness, ion mobility and channel
length. (b) Experiment results show no systematic
dependency of Tof/Ton ratio to drain/gate potential
and channel thickness/length.
A pepoTpss | D driftdiffusion model for | o e o hole-
2023 Depletion depletion mode moving front . .
25 . p(glT2-g5T2) . . . limited propagating No
Keene et al Accumulation (20T2-g6T2) experiment (primary comparisons front
p(g 8 are not for transistor geometries)
v'— Model explains up to 500 times Toft/Ton ratio
(switching  asymmetry) observed in the
experiment, which is attributed to a combination
PB2T-TEG - . v/~ attribute to ion- of (a? spatially heterog.eneous doping aqd
2023 . Empirical model based on direct . . dedoping (front propagation) (b) asymmetric
. Accumulation P3MEEMT - . limited propagating . . :
This work P3HT operando microscopy observation front polymer doping/dedoping rate (due to differences

in doping and dedoping kinetics) (c)
amplification of the asymmetry due to non-linear
response from the carrier-density-dependent
mobility.
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Supplementary Table 5. Comparison of doping front propagation speed of polymer-ion pairs in this study

Polymer Ion b (ms) | L (um) | d (nm)? | v (um /ms)®
PB2T-TEG | 0.1 MKCI ~32 100 ~50 ~3.1
P3MEEMT 0.IM KCl ~ 88 100 ~ 120 ~1.1
P3MEEMT | 0.1M KTFSI ~25 100 ~ 120 ~4.0

P3HT 0.l MKTFSI | ~ 80 100 ~ 100 ~13

Front propagation time is very sensitive to film thickness (d) as shown in Supplementary Figure 12 and

Supplementary Figure 14, suggesting that ion injection at the leading edge may play a role in front
propagation speed.

Assume constant front propagation speed (v) as observed through operando microscopy.
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Supplementary Notes

Supplementary Note 1. Transient fits with Bernards model

The Bernards model considers the transient behavior of an OECT as the characteristic of charging or discharging a
capacitor.?’ Assuming charging or discharging occurs uniformly along the channel polymer, they proposed that Ip

to have a single exponential response when switching between two steady-states:
-t
Ip(6Ve) = Ls(Vo) + Alg (1= F %) e /m (1)

where Iss is the steady-state channel current, and Alss is the current difference between two different steady-states.
fdetermines the ratio of /gs and Igp. 7, is the electronic charge transit time and t; is the product of Rg - C¢y,. The Rs
is the electrolyte resistance and the Cch is the channel capacitance.?’ They demonstrated the Ip response to be either
a monotonic decay or a spike-and-recovery depending on the ratio between f7, and 7}, with device switching speed

determined by 7;.2°

As shown in Fig 1a, we found that Bernards model cannot accurately describe the transient response of
accumulation mode OECTs. Most importantly, the Bernards model cannot explain the much faster device turn-off
speed compared to turn-on phenomenon, which, based on the model, should be both equal to t;, as Rg and C¢}, are
the same. We believe the reasons why Bernards model failed to predict the switching behavior of accumulation
mode OECTs are as follows: first, the uniform charging or discharging assumption is inaccurate. Second, the carrier
density dependent mobility needs to be considered, especially during device turn-off. Last, Bernards and Malliaras
developed the model based on poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonate)

(PEDOT:PSS), which is a depletion mode OECT material.
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Supplementary Note 2. Off-interval dependent OECT turn-on kinetics

Supplementary Figure 16 shows faster OECT turn-on kinetics through shortening the off-interval. To ensure the
same electrochemical doping level is achieved, we fixed the on-interval to be 30 s for each cycle while varying the
off-interval from 30 s to 1 s. Since the 7o+ is much smaller than 7o, (see main text), the device could be turned off
even with 1s off-interval in this case. It is clear that transistor turns on faster (smaller 7,n) with shorter off-interval.
This phenomenon occurs because even though the transistor is at off-state already, dedoping of the channel polymer

is not fully completed (see main text).

This behavior also implies that accumulation mode OECT turn-on kinetics is duty cycle dependent if the
total period is carefully selected. Duty cycle is defined as the ratio between on-interval over the total period, and
the total period is the sum of the on-interval and the off-interval. The duty-dependent kinetics may be beneficial for
emulating neuron dynamic filtering function, in which the post synaptic response (i.e. Ip) depends on the duty of
the presynaptic stimuli (i.e. V). Previously, Gkoupidenis et al.?® and Yamamoto et al.?” had demonstrated the
dynamic filtering function with depletion mode, PEDOT:PSS-based OECTs. We note that asymmetry turn-on and
turn-off period, or changing duty is not common for typical OECT transient characterization but may be useful for
the aforementioned neuromorphic computing applications. We hope that our publication of these effects draws more

attention to their discussion in the literature.
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Supplementary Figure 16. Off-interval dependent OECT turn-on kinetics. (a) The transient response of a P3HT-
based OECT with a fixed on-interval (30 s) and various off-intervals. Pre indicates previous runs for device
stabilization. Numbers represent the cycle number. Transistor channel width, length and thickness is 4000 pm, 10
um and = 100 nm, respectively. (b) Comparison between turn-on kinetics with various off-intervals.

524



Supplementary Note 3. Carrier density-dependent mobility

Previously, with the exponentially distributed density of states (DOS) assumption, Friedlein et al. proposed the

relation between OECT mobility and carrier concentration to be:

Eo 4

W= (2T @

where 1o is mobility prefactor and po is zero-filed hole concentration. Eo describes the energetic width of the tail of
the density of states, kg is Boltzmann’s constant and 7 is temperature.”® We found that our mobility and carrier
concentration relation could be well characterized with this equation (Fig. 4b and Supplementary Figure 17a).

The Ey obtained from mobility and carrier concentration fit is = 300 meV.

To justify our fitting result, we further estimated the Ep value from the ultraviolet photoelectron
spectroscopy (UPS) spectra data from our previous work.?’ Supplementary Figure 17b shows the estimation of £
value of PB2T-TEG via the exponential fit of the edge of HOMO region. We found the Ey value is = 204 meV,
which we believe is close to the value obtained from mobility and carrier concentration fit, considering the difficulty
to accurately determine the width of DOS via different techniques,3?3! and the possible broadening of DOS after
doping.?? The similar Eo values obtained by two different methods verify that our approach studying mobility and

carrier density relation is feasible.
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Supplementary Figure 17. The estimation of the energetic width of the tail of the density of states (£o) with (a)
OECT mobility and concentration fit and (b) via ultraviolet photoelectron spectroscopy (UPS). N represents number
of states, E is the energy, and g is the DOS in the equation in (b).
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Supplementary Note 4. The impact of E¢ to asymmetric OECT turn-on and turn-off kinetics

To study the impact of Eo to OECT turn-on and turn-off kinetics, we first derived a In(f) model starting from the
relation between carrier density and time, p(#), which is directly measured from optical microscopy experiment as
shown in the top panel of Supplementary Figure 18. We note that during the doping front propagation stage, the
dark green line and light green line represent the carrier density of the doped and undoped (or dedoped) region,
respectively. Using the mobility-density (u-p) equation (Equation 2 or Equation S2), we could then calculate the
relation between carrier mobility and time, u(¢), which is shown in the middle panel of Supplementary Figure 18.
Last, using the Ohm’s law, the relation between drain current and time, Ip(t), could be expressed as Vp/Rchannei(?), as
shown in the bottom panel of Supplementary Figure 18. We found the as derived /n(f) model could largely

reproduce the behavior of actual measured Ip(t) data, especially the initial stage of the turn-on and the turn-off.

The relation between transistor channel resistance, Rchannel(?) could be expressed as:

R channel (t)

I( L 1 t+ 1
W-d-e [ug (&) pa (©) t, py () py (0)
L

t
<1 - t_>] (doping front propagation, < t,,) (3)
_ P

_ 1
e u()-p)

W (vertical doping and dedoping) (4)

where L, W, and d represent channel length, width, and thickness, respectively. t is time, t,, is the propagation time
and e is the electron charge. u; and y,, represent the carrier mobility in the doped region and undoped region during
the front propagation stage. p; and p,, represent the carrier (hole) density in the doped region and undoped region
during the front propagation stage. u and p represent the averaged hole carrier mobility and carrier density during

vertical doping and dedoping stage.

The Rchannel(t) during doping front propagation at time point t where t < t, could be expressed as the two

resistors (Rdoped and Rundoped) connected in series:
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Rchannel (t)
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where L is length of the doped region, L, is the length of the undoped region (L = L, + Lg), v is the doping front
propagation speed. p; and p, represent the resistivity of the doped and undoped region. ,; and g,, represent the
conductivity of the doped and undoped region. Because p,, (t) - p, (t) < g (t) - pa(t), the Rundopea dominates the

Rchannel during the front propagation stage.

528



Doping Front Propogation Vertical Doping Vertical Dedoping

p(t)

. —
= o (2)" l

=
<
3
;\
y oL q it 1q_t
ID= D Rehannel = 755 [llapdrp FUR.( fu)]
Rchannel L 1
Rehannel = Wd-e Hp
=
<
£

Simulated
— - = Experimental

0 1 2 3 5 6
Time (s)

Supplementary Figure 18. The relation between /p and time (experimental data and the simulated model). The top
panel shows the relation between carrier density (p) and time measured from the optical microscopy experiment.
We note that during the doping front propagation stage, the dark green line and light green line represents the carrier
density of the doped and undoped (or dedoped) region, respectively. The relation between carrier mobility (u) and
time (the middle panel) is derived from p(?) relation via the u-p equation (Equation 2 or Equation S2). From Ohm’s
law, the simulated /p(¢) could then be expressed as Vp/Rchamel(?) (the bottom panel). The Rchannel (7) is shown in the
Equation S3 and Equation S4. Note that during the front propagation stage, the resistance in the undoped region,
Rundoped dominates the channel resistance, Rehamnel SUch that the /p remains relatively low even with increased carrier
density and carrier mobility in the doped region. We found the as derived /p(¢#) model could largely reproduce the
behavior of actual measured /Ip(¢) data, especially in the initial stage of the turn-on and the turn-off.
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Supplementary Figure 19 shows the impact of £y values to the asymmetry of OECT turn-on and turn-off
kinetics. The top panel of Supplementary Figure 19 shows the relation between carrier density and time, p(?)
measured from optical microscopy experiment. Using the u-p equation (Equation 2 or Equation S2), we then
simulated the u(¢) as well as In(?) with various Eo values, which are shown in the middle and the bottom panel of
Supplementary Figure 19. We found that as the £y values decreased, the turn-on time decreases while the turn-off
time increases, resulting in the reduced asymmetry between turn-on and turn-off time. This result suggests that, to
reduce the OECT turn-on and turn-off time difference, one should seek materials with higher crystallinity (smaller
Ev). We note that however, the relation between polymer film crystallinity and OECT performance could be very

complex. Higher crystallinity may have negative impacts on ionic carrier uptake*? and electronic carrier transport.>*
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Supplementary Figure 19. The impact of £y to asymmetric OECT turn-on and turn-off kinetics. The top panel
shows the relation between carrier density (p) and time, p(f) measured from the optical microscopy experiment. We
note that during the doping front propagation stage, the dark green line and light green line represents the carrier
density of the doped and undoped (or dedoped) region, respectively. The relation between carrier mobility () and
time (the middle panel) is derived from p(¢) relation via the u-p equation (Equation 2 or Equation S2) with various
Ey values arbitrarily given. From Ohm’s law, the simulated /p(#) could then be expressed as Vp/Rchannei(?) (the bottom
panel). The Rchannel(?) is shown in the Equation S3 and Equation S4. We found that as the £y values decreased, the
turn-on time decreases while the turn-off time increases, resulting in the reduced asymmetry between turn-on and
turn-off time.
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Supplementary Note 5. SPICE simulation

Here, we attempt to replicate the delayed turn-on (doping front propagation stage) and asymmetric kinetics via
circuit modeling. To the best of our knowledge, Ersman et al. are the only ones to report an OECT circuit model
including active elements and show asymmetric kinetics with depletion mode OECTs.?? In their approach, a diode
was used to represent the discharging path from the body of a SPICE MOSFET model. Though their model can
indeed represent asymmetric Kinetics, it does not intuitively capture the physics of an OECT, because unlike a
MOSFET, there is no body terminal in an OECT. On the other hand, purely passive element circuit models are very
popular, as in those developed by Bernards et al. and Faria et al. that have seen widespread adoption.?*?> However,
such circuit models are linear and thus cannot exhibit different turn-on and turn-off kinetics. For details, the reader
is referred to reviews on circuit model kinetics,?>=7 and a more systematic modeling is beyond the scope of this

manuscript.

To reconcile these two approaches with our experimental data, based on the classical Rs+(Rc|Cp) model
commonly used in literature,?>*® we include a time-dependent resistance to represent the channel polymer
resistivity; this reflects the resistor component discussed in Supplementary Note 4 above. The RC component
could reflect the initial “spike” in both /g and Ip, while the time-dependent resistance could replicate the timing.
Supplementary Figure 20a shows the proposed equivalent circuit model. Here, Vg is the gate potential and Vp is
the drain potential. R; is the solution resistance, Rp(t) is the time-dependent resistance and Rss is the source electrode
contact used for measuring current in SPICE simulation. C, and R are the polymer volume capacitance and charge
transfer resistance commonly applied in Randles circuit. Rs, Cp, R have limited effects on the kinetics through the
channel in this proposed model, where they represent the electrolyte-drain interface, rather than the entire active
layer. We also included a constant current source to represent the gate leakage current, fx/g, which does not affect

the kinetics here. The detailed explanation of ffactor could be found in Faria and Bernards models.?%?

Supplementary Figure 20b shows the transient response and SPICE simulation result of an example
accumulation mode P3HT OECT operating 0.1 M KTFSI. (W/L/d =5 mm/100 pm/100 nm) The drain potential is

fixed at —0.6 V while the on-potential is —0.2 V and off-potential is —0.6 V. We modeled the time-dependent
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resistance Rp(t) by an exponential decay from a high resistance (undoped) state to a low resistance state (doped) or

vice versa:

t
VD/ID,sat +C <1 - e TOff) (turn-off)

_t _t (turn-on)
VD/ID,sat +Ae 1 4+ Be ™

Rp(t) =

where A4, B, and C are constants. Ipsa is the expected saturation current, or the on-state current. 71, 72, and o are the
time constants associated with the transistor turn-on stage (which has two components as discussed in the main
text), and the transistor turn-off stage. We demonstrated that the SPICE model could accurately reflect the transient
asymmetry, with the time constants 71, 2, and zofr being 0.7 s, 2 s, and 0.5 s, consistent with observations of faster
device turn-off behavior. We also note that the parameters used for fitting here including solution resistance (R =
1 kQ), polymer volume capacitance (C, ~ 2.4 uF) and charge transfer resistance (Re = 10 kQ) are all close to the
actual physical values, verifying the proposed model captures the physics of OECT switching. Constants related to
time-dependent resistance, namely, 4, B and C all have values around 1000 in this specific example. We expect
these values to vary with different polymers and channel geometry. All SPICE simulations were performed with

LTSpice (freely available from Analog Devices).
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Supplementary Figure 20. SPICE simulation of an accumulation mode OECT. a, LTSpice circuit model. Here,
we used = 0.5, though in this work the nature of f parameter is not under investigation. Rss is used only for
simulation purposes to measure the total source current, and it is generally a trivially low resistance (0.01 ). The
other values are defined in the discussion above. b, Experimental data of an example accumulation mode P3HT
OECT operates in 0.1 M KTFSI and the SPICE simulation results. (W/L/d = 5 mm/100 um/100 nm) The drain
potential is fixed at —0.6 V while the on-potential is —0.6 V and off-potential is —0.2 V. We showed that the turn-
on and turn-off kinetics are well represented by the circuit.
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Supplementary Note 6. Other design factors for fast OECTs

Besides the operation variables studied in this work (operation potentials, ion concentrations, ion species and
channel dimensions), other factors including the size and the type of gate electrode, gate-channel distance, and
parasitic capacitance may also be crucial when designing fast OECTs, especially for transistors with even smaller

dimensions (sub um to nm scale). We briefly discuss how these factors may affect kinetics below.

Common choices of OECT gate electrodes are non-polarizable gate (i.e., Ag/AgCl pellet) and polarizable
gate (i.e., gold or platinum). For a non-polarizable gate, the voltage drop at the gate/electrolyte interface is negligible
as the gating is through Faradaic reactions.?® For a polarizable gate, the gate capacitance (proportional to gate area)
is typically more than ten times larger than channel capacitance for effective gating due to the potential drop at the
gate/electrolyte interface.’® A common strategy to increase the gate capacitance is to use a thick PEDOT:PSS layer
as the gate electrode.*® We note that, to our best of knowledge, OECT operation speed difference between Ag/AgCl
pellet, gold gate and PEDOT:PSS gate has not yet been systematically studied, partly due to the difficulty to control
the doping level to be the same with different gate electrodes. In our present study, we studied the OECT transient

behavior using Ag/AgCl pellet as gate electrode, which is the most commonly used OECT gate electrode to date.

The other factor to consider when designing fast OECTs is the gate-channel distance. Qualitatively, shorter
gate-channel distance is preferred for faster OECT response as the solution resistance decreased with smaller gate-
channel distance.?’ Quantitively, the exact impact of gate-channel distance to the OECT operation speed has not yet
been thoroughly investigated, likely because the common Ag/AgCl gate pellet is typically dangling in the solution,
and the exact gate-channel distance is thus difficult to control/defined and less reported. In our present study, we
maintained a consistent gate-channel distance of approximately 5 mm, aligned with the height of the electrolyte
chamber. We believe 5 mm gate-channel distance is a reasonably small distance for Ag/AgCl pellet to not be in
direct contact with the channel and to effectively gate the channel. To further reduce the channel-gate distance, one

may need to use lithography technique and adopt planar gate design.
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Lastly, parasitic capacitance, or electric double layer (EDL) capacitor formed between source/electrolyte
and drain/electrolyte, could also affect the transistor switching speed. Bidoky et al had demonstrated that the
operating frequency of P3HT-based electrolyte-gated organic filed-effect transistors (EG-OFETs) could be
increased by 10-fold if the parasitic capacitance is reduced through minimizing the contact area between the
electrolyte and the source and drain electrodes.*! In general, minimizing the contact area between the electrolyte
and the source and drain electrodes (small parasitic capacitance) is desired for both EG-OFETs and OECTs, which
could be accomplished by covering the top surface of the source and drain electrodes with insulating, low dielectric

materials like Parylene C.#?
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Supplementary Note 7. Comparison of existing OECT transient models

Supplementary Table 4 shows the summary comparison of existing OECT transient models. Early models based
on equivalent circuit with only passive elements (resistance and capacitance) could describe the turn-off behavior
(gate potential applied) of PEDOT:PSS based OECTs but fail to predict the asymmetric OECT switching rates.?’-
22 With custom equivalent circuit including an active element (p-MOSFET), Ersman et al. attempted to replicate
asymmetric switching behavior of PEDOT:PSS based OECTs, though the exact function of the elements or circuit
topology are not ascribed to physical processes.”? Recently, Paudel et al. demonstrated a first rigorous 2D drift-
diffusion OECT model for PEDOT:PSS based depletion mode OECTs.?* Their quantitative physical model predicts
Toff/Ton ratio (the asymmetry) depends strongly on drain potential (2 to 6 times) (Fig 13b),?* which is attributed to
difference in vertical/lateral ionic current magnitude (Fig 6),2* as opposed to disorder in the polymer itself (carrier
density-dependent mobility is missing). In addition, their simulated results show Tof/Ton ratio (the asymmetry) is
weakly dependent on thickness, ion mobility and channel length (Fig 9).2* Nevertheless, their experiment results
show no systematic dependency of Tof/Ton ratio to drain/gate potential and channel thickness/length (Fig 10, Fig 12
and Figl4).2* We thus propose that vertical/lateral ionic current predicted by their model alone cannot explain the
magnitude of the asymmetry results encountered in real accumulation mode OECTs as shown in this work even if
the operating parameters (i.e., drain potential, thickness, ion mobility and channel length) are taken to extremes

(e.g., negative film thicknesses).

In terms of hole transport in the polymer, Keene et al. very recently investigated the electrochemical doping
behavior of both PEDOT:PSS and p(g1T2-g5T2) via optical moving front experiments, predominantly in 2-terminal
configurations.?®> They conclude that the hole-limited doping leads to a delay during the turn-on of p(gl1T2-g5T2)
based accumulation mode OECTSs.? Even though both the exciting work by Keene et al. 2> and this study show that
the turn-on delay state is due to doping front propagation, our work provides unique new insight to the transient
asymmetry of accumulation mode OECTs, and we interpret our experimental data as indicating that the propagating
front, in an OECT at least, must be interpreted in the context of ionic processes. For instance, the front propagation

speed is 4 times faster with KTFSI compared to KCl for the same polymer as shown in Supplementary Table 5.
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To this end, our data show that the doping front speed depends on ion type, ion concentration, and gate voltage, but
is independent of source-drain potential (Fig. 5). Because the source-drain potential would affect the drift velocity
of holes in the channel, we would expect the doping front speed to change with source-drain potential if it were

primarily dominated by hole mobility.

Turning back to the asymmetry in switching times, we believe this asymmetry, which can be as large as
500 times difference (2 orders of magnitude larger than predicted by Paudel et al.’s simulation work?*), originates
in part from the structural/reorganizational differences between polymer doping and dedoping processes. These
differences are captured in the asymmetric 2-terminal spectroelectrochemical bleaching rates. However, a critical
insight here is that this asymmetry is accentuated in non-linear fashion by the (density of states-dependent) carrier-
density-dependence of the hole mobility, given that the asymmetry of the transistor switching speeds is always much
larger than the asymmetry of the doping/dedoping rates measured by spectroelectrochemistry. Since the carrier-
density-dependent mobility depends on disorder, our model shows how a material-dependent parameter (disorder)
can help explain the asymmetry that is missing from the Paudel model, while the experimental observation of effect

of ion types on fransistor asymmetry provides critical benchmarks to test existing and future models.
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Supplementary Note 8. Limitations of our proposed model

The model we propose in this work captures the switching behavior of accumulation mode OECTs, reproduces the
carrier-density mobility of the organic semiconductor, and it even fits with physically meaningful density of states.
Nevertheless, our model has limitations, most notably in its empirical nature. We must include observational
biexponential/exponential models to describe the experimental data. Nevertheless, when we do so, we obtain
carrier-density-dependent mobilities that follow the forms long-used to describe such behaviors in organic
semiconductors, while at the same time generating reasonable estimates of the density of states in the polymer. In
the future, we hope that a first principles drift-diffusion simulation that fully incorporates polymer microstructure,
chemical interactions with different ions, and includes the polymer density of states, that could be used to develop
a universal OECT transient model that explicitly describes the relation between OECT switching times and
operation variables (Vp, Vg, W, d, L, Cion) and ultimately the kinetics OECT material figure of merit, similar to the
steady-state material figure of merit (uC") identified by Inal et al.**> With such a universal OECT transient model,
one will be able to predict OECT turn-on and turn-off time with selected operation variables once the
electrochemical doping and dedoping speed of the polymer (intrinsic material property) is known (i.e., via
spectroelectrochemistry). Additionally, numerical simulation for accumulation mode OECT transient response has
not yet been accomplished. We expect the 2D drift—diffusion models for accumulation mode OECTs based on the
foundations laid by Paudel et al.>* and Keene et al.?® will help to further elucidate the complex OECT switching
behavior, with a particular emphasis on asymmetry, the role of different ion chemistries, and the effects of polymer

disorder/density of states.
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