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Abstract

Friedlein, Jacob T. (Ph.D., Electrical, Computer, and Energy Engineering)
Device physics and material science of organic electrochemical transistors

Thesis directed by Professor Robert R. McLeod

Organic electrochemical transistors (OECTS) are hybrid ionic/electronic devices capable
of high-gain signal amplification and have shown exceptional performance in numerous
applications such as logic circuits, neuromorphic elements, and biosensing platforms. The work
in this thesis improves understanding of OECT behavior and demonstrates how to improve
OECT performance in several applications. Prior to our work, researchers understood OECTS in
terms of standard models for metal-oxide-semiconductor field-effect transistors (MOSFETS).
While these models yielded insight about OECT behavior, they fell short of providing accurate
quantitative predictions for two reasons. First, organic semiconductors in OECTSs are disordered
materials and conduct electricity in fundamentally different ways than crystalline semiconductors
in MOSFETSs. Secondly, ionic charge storage in OECTs endows them with channel capacitances
several orders of magnitude greater than that of typical MOSFETSs.

We address these differences between OECTs and MOSFETS, and we derive predictive
models for OECT behavior. First, we report combined optical and electrical measurements of
OECTs, yielding evidence that, unlike the conductivity of crystalline semiconductors, the
conductivity of polymer semiconductors in OECTSs has a non-linear dependence on charge
carrier concentration. We derive a model that explains this behavior and enables up to 125%
improvement of signal amplification with OECTs. Next, we address a ubiquitous, yet
unexplained characteristic of OECTs — the non-monotonic relationship between signal
amplification and applied voltage. We show this is due to material disorder in OECTs, and we
explain this behavior with a model that fits experimental data for two different types of OECTSs.

Finally, we provide a model for the transient response of OECTs. Our model predicts that



although OECTs are typically slow because of large channel capacitances, they can respond

much faster than the RC time constant. We demonstrate that at a particular voltage, OECTs

respond >30 times faster than the RC time constant, reaching steady state in < 20 us.
Altogether, our work enables OECTSs to operate at higher speeds and with higher gains,

and it allows more accurate interpretation of OECT-based sensor measurements.
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CHAPTERI
INTRODUCTION

A. Background

Organic electrochemical transistors (OECTS) are thin-film transistors with an organic
semiconductor channel between source and drain electrodes. OECTs are structured much like
organic field-effect transistors (OFETS) with the distinction that OECTSs have an electrolyte layer
between the channel and the gate electrode instead of a standard dielectric, as shown in Figure
I-1. In 1984, H. S. White et al. reported the first OECTSs, demonstrating that the conductivity of a
polypyrrole channel could be reversibly modulated by changing its redox state with a gate
electrode in an electrolyte.! Since that time, researchers have fabricated OECTs with many
different materials and geometries and have demonstrated the usefulness of OECTSs in a variety
of applications. However, several gaps remain in the understanding of OECT behavior. Existing
models have been useful for the design of OECT sensors and circuits, but they fail to properly
incorporate polymer physics. This has prevented these models from predicting several widely-
observed characteristics of OECTSs. In particular, prior to the work in this thesis, no models
quantitatively described spatially-resolved optical absorption measurements in OECT channels
(chapter 11), non-monotonic transconductance” as a function of gate voltage (chapter 111), and
OECT output currents that respond more than 30 times faster than the gating current (chapter
IV). This thesis addresses all of these gaps in the understanding of OECT behavior. It highlights
the influence that material properties have on the device physics of OECTSs, and it describes three
original models for predicting the steady-state and transient response of OECTs. These models

provide quantitative explanations for the previously unexplained characteristics described above,

* Transconductance, g,,, is defined as the derivative of the transistor’s output current with respect to the gate voltage.

Im = [2% , where I, is the drain current, V; is the gate voltage, and V}, is the drain voltage.
G Vp



and, although each model describes a different regime of OECT behavior, they are all consistent
with each other. Ultimately, these models inform the design of OECT sensors and circuits, and
they provide a way to measure the material properties of the polymer semiconductors used in
OECTs, thus aiding the development of new polymers for performance optimization in different

applications.

Vg <0 Vg <0

T I

i 000006060606 9%995@6 ® Polarized molecule
D|electr|c©© 006000 vy<o | Electrolyte ® v, <0 [CICHen
TyrreaETerTI _j_ © +G'(-? +©+_ *0.0+ _j_ © Anion
_I___ Source  |gemiconducto Drain _I___ Source |0 030 Do * Hole
— \

Substrate Substrate [~ Semiconductor

@ Field-effect transistor ®) Electrochemical transistor

Figure I-1. Typical structure for an OFET (a) and an OECT (b). In the OFET, immobile
molecules in the dielectric are polarized by a gate voltage. Charge transport in the semiconductor
occurs at the interface of the semiconductor and dielectric. In the OECT, mobile ions are pushed
from the electrolyte into the semiconductor by a gate voltage. These ions dope (or de-dope) the
semiconductor. Charge transport occurs throughout the volume of the OECT.

This chapter will provide background information about OECT behavior and the use of
OECTs in various applications. This background motivates the models discussed in later
chapters and explains the fundamental physics that underlie the details of those models. In the
following sections, we will first explain the principles of OECT operation. Then we will consider

several existing models for OECT behavior. Finally, we will discuss applications for OECTSs.

B. OECT operating principles

As mentioned in section A, OECTSs have a structure similar to that of OFETSs, and they
operate according to similar principles. When a voltage, V), is applied between the source and
drain electrodes, a current flows through the semiconductor channel and is collected at the drain.
This current is the output current of the OECT and is called the drain current, I,. At low drain

voltages, the channel conductivity is independent of drain voltage, so the drain current is directly



proportional to the drain voltage according to Ohm’s law. The gate electrode, though not directly
connected to the channel, can also modulate the drain current. When a voltage is applied at the
gate electrode, it creates an electric field that pushes ions from the electrolyte into the
semiconductor channel. The effect of these ions on channel conductivity depends on the
properties of the semiconductor in the channel. In p-type semiconductors, positive gate voltages
decrease channel conductivity, and negative gate voltages increase channel conductivity.
Conversely, positive gate voltages increase channel conductivity in n-type semiconductors while
negative gate voltages decrease channel conductivity. OECTSs can also be classified as
“depletion-mode” or “accumulation-mode” transistors. Depletion-mode transistors are highly
conductive at V; = 0 V and become less conductive when a gate voltage is applied.
Accumulation-mode transistors behave in the opposite way. They are non-conductive at V,; =

0 V and become more conductive in response to a non-zero gate voltage.

For concreteness, consider an OECT with the p-type semiconductor
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate), or PEDOT:PSS. PEDOT is a
conjugated polymer with semiconducting properties and a stable oxidized form,?® and PSS
allows the PEDOT to be dispersed in water.* In addition to solubilizing PEDOT, the PSS also
acts as an acceptor ion, forming an ionic bond with the PEDOT and withdrawing electronic
charge density, as shown in Figure I-2b.°> This gives the PEDOT positively charged electronic
carriers, making it a p-type semiconductor and endowing it with conductivity greater than 800
S/cm in its oxidized form.5” Because the PEDOT:PSS is naturally in a conductive state, OECTSs
using PEDOT:PSS are classified as p-type, depletion-mode transistors. When a positive voltage
is applied at the gate electrode, it creates a field that pushes cations from the electrolyte into the

semiconductor channel, as shown in Figure 1-2a. These cations form ionic bonds with the PSS,



displacing it from the PEDOT. Without the ionically-bound PSS dopants, holes are no longer
coulombically stable on the PEDOT backbone, so the PEDOT" is reduced from its conductive
state to its insulating neutral state, PEDOT?. This de-doping (reduction) process is described in
equation (1.1) and is reversible; when the gate voltage, V;, returns to 0 V, the cations diffuse
back out of the channel, and the PSS forms new ionic bonds with the PEDOT, oxidizing it to its
conductive state, PEDOT".

PEDOT*:PSS™ + M* 2 PEDOT® + M*:PSS™ + h* (1.1)
The left-hand side of equation (1.1) represents the situation when V; = 0 V. In this case cations,
M™, are in the electrolyte, PEDOT forms an ionic bond with PSS, and holes are on the PEDOT
chain. The right-hand side of equation (I.1) represents the situation when V; > 0. In this case,
the PEDOT chain is neutral, cations form ionic bonds with the PSS, and holes, h*, are removed
from the channel. Although, OECTSs can use materials other than PEDOT:PSS,%*2 the basic
principles delineated above still describe device behavior as long as appropriate adjustments are

made when considering n-type or accumulation-mode OECTS.
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Figure 1-2. OECT operation in depletion mode (a) and molecular structure of PEDOT:PSS (b).
The dashed line between the PEDOT and PSS represents an ionic bond that leaves a radical
cation on the PEDOT chain. In panel (a), the top image represents the OECT in its ON state at
Ve = 0 V. The bottom image represents the OECT in its OFF state at V; = 100 mV.

To characterize OECT performance, researchers usually present output and transfer
curves, which show the dependence of drain current on V, and Vj;, respectively. An example of
typical output and transfer curves is shown in Figure 1-3. These plots are similar to the expected
output and transfer curves for long-channel, depletion-mode, p-type MOSFETs:*® The channel
current has a linear dependence on V, at low voltages, but saturates for higher values of Vp,.
Also, for a fixed V}, the magnitude of the drain current decreases as V,; becomes more positive.
Because of these qualitative similarities between OECT and MOSFET behavior, researchers

have used MOSFET models to describe OECT behavior, as discussed in the next section.
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Figure 1-3. Output (a) and transfer (b) curves for a typical OECT. Each curve in (a) is for a single
gate voltage between 0.6 V and -0.4 V in 0.1 V steps, as indicated in the figure. Each curve in
(b) is for a single drain voltage between 0.2 VV and -0.6 V in 0.1 V steps, as indicated in the
figure.

C. Models for OECT behavior

As stated in the introduction, most researchers regard the device reported by White, et al.
as the first OECT.! However, before this work, other researchers had developed three-electrode
organic electrochemical devices with current-voltage relationships similar to that of White’s
transistor. In particular, P. G. Pickup, et al. developed a “triode-type device” consisting of a
polymer film sandwiched between two metal electrodes, as shown in Figure 1-4.14% The current
through the polymer was controlled with a third electrode to adjust the redox state of the
polymer. Pickup et al., published the transfer curves of their devices and presented a simple
analytical expression describing how the current through the polymer depended on the applied
voltages. This expression was based on the Nernst equation and assumed diffusion-based current
only, neglecting the contribution of electronic drift current. While this equation was useful for
interpreting the results of their experiments, Pickup et al. did not attempt to use it for quantitative

fits to their data.
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Figure I-4. Device structure (a) and transfer curves (b) for Pickup et al.’s “triode-type” device.
Panel (a) shows the device structure and electrical connections. Also, although not shown here,
the entire device is immersed in an electrolyte. Panel (b) shows the output current as a function
of AE, (in'V) at fixed values for 4E; of 50 mV (A), 100 mV (B), 300 mV (C), and 500 mV
(D). Panel (b) is reprinted with permission from J. Electrochem. Soc., 131, 833-839 (2003).
Copyright 1984, The Electrochemical Society.
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After the work of Pickup et al., many reports of OECTs and OECT-like devices appeared
in the literature,5-23 but no authors focused on providing quantitative models for OECT behavior
until N. D. Robinson et al. in 2006.2* These researchers developed a quantitative model for
OECTs. They used the Nernst equation to determine the concentration of oxidized PEDOT as a
function of voltage, and they used the Poisson equation and Ohm’s law to calculate the current as
a function of voltage and PEDOT+ concentration. Robinson et al. did not provide an analytical
expression for the drain current as a function of gate and drain voltage. Instead, they described a
numerical simulation to calculate drain current, and they made qualitative comparisons between
the predictions of their model and their experimental data. One of the most important findings
from this work is that the conductivity of PEDOT:PSS in an OECT channel is not directly
proportional to the carrier concentration, motivating the research presented in chapters 11 and 111

of this thesis.



In contrast to Pickup et al. and Robinson et al.’s electrochemistry-based development of
OECT models, later researchers approached the problem from a solid-state device perspective.
For instance, in 2006, shortly after Robinson et al.’s model was published, Y.-J. Lin et al. used
an adaptation of the standard model for long-channel p-type MOSFETS to extract hole mobility
from OECT measurements.? In 2007, D. A. Bernards and G. G. Malliaras formalized this
approach and published a detailed model for OECT behavior, again based on the standard model
for long-channel p-type MOSFETSs.% Bernards and Malliaras explained OECT behavior as an
electronic circuit branch in the channel coupled to an ionic branch between the gate and channel.
They modeled the channel exactly like a p-type MOSFET, and they modeled the ionic circuit as
an ionic resistor in series with a capacitor. The capacitor represents the ionic capacitance of the
OECT channel and determines the amount of electronic charge induced in the channel via
electrochemical doping. Unlike previous models, the Bernards model provided an analytical
expression and quantitatively fit experimental data, providing a way to extract hole mobility and
ionic capacitance from transistor measurements. Despite the simplicity and utility of this model,
it describes the OECT channel exactly like a crystalline semiconductor. Therefore, it assumes
that hole mobility is independent of applied voltage. Because of this assumption, the Bernards
model fails to explain spatially-resolved optical measurements of OECTSs and fails to predict a
non-monotonic transconductance-voltage relationship — two issues that later chapters of this
thesis will address.

Subsequent work from the Malliaras research group built on the Bernards model,
providing additional insight about OECT optimization and behavior. For example, D. A.
Bernards, et al. showed that enzymatic reactions in an OECT electrolyte cause charge transfer at

the gate electrode and effectively shift its voltage. Adding this voltage shift to the MOSFET-



based model provides a quantitative framework for measuring metabolite concentrations with
OECTSs.?" Later, J. Rivnay et al. advanced the understanding of OECT behavior by showing that
the ionic capacitance of an OECT channel is directly proportional to the channel volume. This
finding proved that OECTSs undergo electrochemical doping throughout the bulk of the channel.
Because OFET channels only experience conductivity modulation at the
semiconductor/dielectric interface, Rivnay’s finding highlighted an important distinction
between OFETs and OECTs, and it explained why OECTSs, unlike FETS, exhibit a channel
conductance and transconductance that are directly proportional to film thickness.?® Rivnay
pointed out that this information provides a design tool for OECT optimization. Researchers who
desire OECTSs with high-sensitivity to small changes in gate voltage should fabricate devices
with thick semiconducting channels. However, because channel capacitance also increases with
channel thickness, researchers who want OECTs with fast responses should use thin channels.
Rivnay also points out that the volumetric capacitance of OECT channels endows them with a
capacitance per unit volume more than two orders of magnitude greater than that in conventional
FETs — and even compared to FETs with high-k dielectrics.?® While Rivnay et al.’s work allows
order of magnitude predictions about how this capacitance affects device response speed, it does
not describe how the interplay between the charging current and channel current affect the shape
of the OECT output current. Chapter IV of this thesis addresses this issue and provides a model
that shows how the unprecedented capacitance in OECTSs allows the speed of the output current
to exceed the speed of the charging current by a factor of 30 in certain situations. Finally, in
addition to providing a better understanding of OECT behavior, Rivnay et al.’s work also
provides clear motivation for the use of OECTs instead of OFETs. Because OECTSs rely on

volume doping while OFETSs rely on interfacial doping, OECT channels can have much higher
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conductance and transconductance than OFET channels. Therefore, OECTs are a leading
technology for applications that require high transconductance, as we will discuss in the next

section.®°

D. Applications for OECTs

Since their discovery in the early 1980s, OECTs have been used in myriad different
applications. In this section, we discuss OECTSs in integrated circuits, biosensors, and
neuromorphic systems.

Less than ten years after the first reported OECT, C. H. McCoy and M. S. Wrighton
demonstrated the first OECT-based integrated circuit.®* They fabricated a push-pull amplifier
consisting of a polyaniline OECT integrated with a polythiophene OECT. McCoy and
Wrighton’s push-pull amplifier worked like inorganic push-pull amplifiers consisting of bipolar
junction transistors. However, unlike inorganic push-pull amplifiers, McCoy and Wrighton’s
device did not suffer from crossover distortion®? because the complementary OECTSs turned on at
the same V,; polarity despite having opposite I, vs. V;; slopes at the turn-on voltage.

Later development of OECT-based integrated circuits focused on logic elements. For
example, in 2005 D. Nilsson et al. made OECT-based inverters, NAND gates, and NOR gates.>
Additionally, they showed that the inverters were uniform enough to be used in 5-stage ring
oscillators. Several years later, R. Mannerbro, et al. reported similar results with inkjet-printed
OECTs and interconnects.®* Also focusing on printed electronics, engineers at Joanneum
Research reported what is, as of 2017, the highest degree of integration for OECT-based logic
circuits. They fabricated all-screen-printed logic gates and demonstrated a remarkable level of
device reproducibility. Because of the scalable fabrication method and the device uniformity, P.
Hutter et al. were able to create functioning flip-flops and 2-bit shift registers that required the

integration of 36 OECTSs.® The design and output of these flip-flops is shown in Figure 1-5.
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Figure 1-5. Screen-printed OECT logic circuits. Panel (a) shows the circuit diagram for a NAND
gate where ECT is the label for an OECT, and R1, R2, R3 represent printed resistors. Panel (b)
shows the circuit diagram for a flip-flop using 8 NAND gates and 2 inverters. Panel (c) shows
the input and output of 8 different printed flip-flops.® Figures are adapted from IEEE Trans.
Electron Devices 62, 4231-4236 (2015) and reprinted with permission. Copyright © 2015, IEEE.

Despite these examples of successful OECT-based integrated circuits, researchers must
consider whether this is a feasible application area for OECTs. One reason OECTs might not be
useful in integrated circuits is their relatively low operating frequencies. For instance, the fastest
reported OECTSs operate between 10 kHz and 50 kHz,?8¢3" which is about three orders of
magnitude slower than the fastest OFETs.* Moreover, even the performance of off-the-shelf
inorganic transistors exceeds the speed of state-of-the-art OFETs by about three orders of
magnitude.®® Therefore, if high-speed operation is desired, as in most integrated circuits, using
OECTs is a poor choice. Notwithstanding the low speed of OECTSs, a common claim in the
literature is that OECTs can find a niche in integrated circuits when physical flexibility is a key
requirement. Unfortunately, this claim also rings hollow because engineers have made flexible,
high-performance inorganic transistors, with GHz operating frequencies.*®*! Another challenge
for using OECTs in integrated circuits is the tendency for device parameters to drift as a result of

bias stress or environmental factors, as noted by researchers who propose using OECTSs in hybrid
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organic-inorganic circuits.*? These scientists suggest using hybrid circuits with fast, stable
inorganic chips for data processing and with OECTSs for biosensing, a role they are particularly
well-suited for, as discussed below.

OECTs possess several characteristics that make them successful biosensors. For
instance, PEDOT:PSS is biocompatible***’ and ~ 2-3 orders of magnitude softer than silicon.*®
This means that compared to silicon, PEDOT:PSS can more easily conform to 3D biological
systems*® and has a lower impact on cell and tissue samples.*® Additionally, OECTSs are designed
to operate in electrolytes, so cell culture media does not necessarily harm OECT performance.
Another advantage of OECT-based biosensors is that PEDOT:PSS and other organic
semiconductors, unlike inorganic semiconductors, possess both electronic and ionic conductivity.
This ionic conductivity greatly reduces the impedance of PEDOT:PSS to ion-based cellular
signaling, thus permitting the detection of low-level signals.>>? Finally, as mentioned earlier,
OECTs have high transconductance compared to other transistor technologies because of
volumetric charge storage and conduction.?®% This high transconductance allows OECTs to
make high-fidelity recordings of sub mV biological signals.

The properties mentioned above allow researchers to use OECTSs for a wide range of
applications.>** For example, OECT-based enzymatic sensors can measure the concentration of
glucose, 2023275456 actate,>"°8 penicillin,>® acetylcholine,®® ethanol,®* and dopamine.®? OECTs
can also measure epithelial cell integrity®®-% and detect complementary DNA strands down to
pM concentrations.®® Not only can OECTs detect biologically-relevant chemical species, but
they can also directly sense the electrical activity of electrogenic cells. For instance, researchers

have demonstrated that OECTSs can record electrocardiographic waveforms,%” measure single-
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cell cardiac action potentials,®® and make in vivo measurements of epileptic activity (see Figure

1-6).59
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Figure 1-6. OECT array used for in vivo electrocorticographic measurements of epilepsy in a rat
brain. (a) Image showing the full array of OECTSs on the surface of the skull. (b) Magnified view
of a single OECT in the array. (c) OECT recording of neural activity (upper trace, pink)
compared with a recording from a passive electrode (lower trace, blue).” Reprinted with
permission from Chem. Mater. 26, 679-685 (2014). Copyright 2014 American Chemical Society

Neuromorphic engineering is another application for OECTs, and compared to integrated
circuits and biosensing, it is a much more recent area for OECT applications. This field can
generally be defined as studying “artificial neural systems whose architecture and design
principles are based on those of biological nervous systems.”’%"> The motivation for developing

such systems comes from the observation that biological systems are more efficient than
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conventional computers at solving problems involving ill-conditioned input and relative, rather
than absolute, computation.”? In particular, compared to computers, biological nervous systems
are more defect-tolerant, require less physical volume, and require much, much less power to
solve certain problems. For example, Watson, the computer that beat Ken Jennings in jeopardy,
required a physical volume equivalent to that of approximately 10 household refrigerators and
consumed 80 kW of power; whereas, the human brain consumes only about 20 W."
OECT-based neuromorphic systems have been demonstrated to mimic several behaviors
of biological neurons. For example, as described in Figure I-7, many devices have shown spike-
timing-dependent plasticity (STDP), in which the response to an input pulse depends not only on
the amplitude and width of the pulse, but also on the history of previous pulses that had been
applied.”"® Another neuron-like behavior that OECTSs can exhibit is memory, as reported by B.
Winther-Jensen et al. These authors developed a PEDOT-based material that experiences a
conformational change during reduction and oxidation.® This conformational change introduces
a stable hysteresis in the polymer’s conductivity as a function of applied voltage. P. Gkoupidenis
et al. used this hysteresis as a memory function in OECTs made from this polymer and were able
to demonstrate short-term to long-term memory transitions in their devices.” Another OECT-
based device capable of storing memory states is the Electrochemical Neuromorphic Organic
Device reported by Y. van de Burgt et al. in 2017.8! This device possesses hundreds of distinct
memory states, and can store a single state for days at a time while consuming only pJ of energy
per switching event. Finally, in addition to STDP and memory, OECTSs have also demonstrated
global connectivity® similar to mechanisms of biological homeostatic plasticity which prevent

neural circuits from becoming hyper- or hypo-active.®
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Figure I-7. Design and output of OECT-based neuromorphic elements. Panel (a) shows the
design of an OECT-based artificial synapse and indicates the standard interpretation of
presynaptic voltage at the gate electrode and post-synaptic current through the channel.” Panel
(b) represents the analogy between an OECT and a biological synapse.” Panel (c) shows an
example of STDP in an OECT. In this device, presynaptic spikes are excitatory, the post-
synaptic current response is amplified when a presynaptic spike closely follows an earlier
spike.® Panels (a) and (b) are reprinted with permission from Adv. Mater. 27, 7176-7180
(2015). Copyright 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Panel (c) is
reprinted with permission from Nat. Mater. 16, 414-418 (2017). Copyright 2017 Nature

Publishing Group.
E. Summary

OECTs are thin-film transistors with coupled ionic and electronic conductivity.

Researchers have developed predictive models for OECT behavior using electrochemistry and
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solid-state device physics. These models, as well as novel materials and fabrication technology,
have made OECTs useful in a wide range of applications including integrated circuits,
biosensing, and neuromorphic systems. However, prior to the work presented in this thesis, most
of the understanding of OECT behavior was built on imperfect analogies between OECTSs and
FETSs with crystalline semiconductors. This prevented researchers from understanding several
ubiquitous and important OECT characteristics. For example, the high transconductance of
OECTs was well-known by researchers who used it for biosensing experiments. However,
researchers also realized that OECTs had non-monotonic transconductance as a function of gate
voltage.®* This complicated use of OECTSs as sensors, but it was not explained by existing
models. In this thesis, we provide a quantitative explanation of this behavior by appealing to the
physics of charge hopping in disordered semiconductors, and we describe how the resulting
model can be used for material optimization. We also explore several other previously
unexplained OECT characteristics.

Overall, this thesis advances the understanding of OECTs beyond analogies with FETSs
and shows how the material properties of polymer semiconductors affect the device physics of
OECTs. In the following chapters of this thesis, we provide models that explain these effects and
show how our models inform optimization of OECT design and material development. In
chapter 11, we first report combined optical and electrical characterization of OECTs, and we
show that these measurements provide evidence that the simple MOSFET model for OECTs is
inaccurate. Next, in chapter 111 we build on this finding and present a model for OECT behavior
based on percolation transport in disordered materials, and we demonstrate that this model
explains the non-monotonic transconductance in OECTSs. Then, in chapter IV we describe a

simple model for the time-domain behavior of OECTs and report OECTs with microsecond turn-
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on transients that are more than 30 times faster than expected. Finally, in chapter V, we discuss
some of the remaining gaps in the understanding of OECTs and consider opportunities for future

research.
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CHAPTERII
SIMULTANEOUS OPTICAL AND ELECTRICAL MEASUREMENTS REVEALING
NON-UNIFORM HOLE MOBILITY INOECTS

The optical properties of organic semiconductors have been thoroughly studied for the
development of organic solar cells, light emitting devices, adaptive optics, and for basic material
science. In this chapter, we discuss how optical measurements augment electrical
characterization to improve understanding of OECTSs. In particular, we use absorption
measurements to provide evidence that the hole mobility in PEDOT:PSS is not constant but
depends on the hole concentration. Additionally, we develop an analytical model for OECTs that
explains this dependence of hole mobility on hole concentration. This model improves on
existing models which describe OECTSs in much the same way as FETS, and it allows researchers
to more accurately estimate device and material parameters. This improved accuracy informs the

optimization of OECT operation and can lead to 120% improvement in transconductance.

A. Background

1. Electrochromism in semiconducting polymers

Because polymer semiconductors have weak intermolecular bonds and low dielectric
constants, their electronic and geometric properties are strongly coupled, and charged species
experience significant coulombic interactions with each other. These characteristics endow
organic semiconductors with unique electro-optic properties that are not observed in inorganic
semiconductors. In this chapter, we will focus on one of these properties — electrochromism, or
electrically-controlled changes in optical absorption. In particular, we will consider
electrochromism in PEDOT:PSS even though many other organic semiconductors also possess
this property. 10587

Electrochromism in PEDOT:PSS is a result of the structural distortion that occurs on a

PEDOT chain when it is oxidized. This structural distortion alters the energetic landscape of the



19

polymer and creates electronic states in the middle of the gap between the highest occupied
molecular orbital (HOMO) band and the lowest unoccupied molecular orbital (LUMO) band, as
depicted in the energy diagrams shown in the insets of Figure 11-1a,b.28 The creation of these
mid-gap states allows lower energy optical transitions, creating a new absorption peak at longer
wavelengths while decreasing the absorption due to HOMO-LUMO transitions.® These spectral
changes cause PEDOT to change colors when it is oxidized; neutral PEDOT has an absorption
peak near 600 nm, so it appears blue, but oxidized PEDOT has an absorption peak in the infra-

red (IR), so it appears transparent, as shown in Figure 11-1.
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Figure 11-1. PEDOT:PSS electrochromism. Panels (a) and (b) show the absorption spectra of
reduced PEDOT:PSS (a) and oxidized PEDOT:PSS (b). The insets in (a) and (b) show the
respective band diagrams. Panels (c) and (d) show photographs of reduced (c) and oxidized (d)
PEDOT:PSS.

2. Applications for electrochromism

Engineers use this electrically-induced color change in a variety of applications such as
electrochromic displays and electrically tunable lenses. A typical structure for electrochromic
devices includes a transparent conducting oxide (TCO), an electroactive PEDOT:PSS layer, an
electrolyte on top of the PEDOT:PSS, and a counter electrode in the electrolyte, as described in
Figure 11-2. These devices operate according to principles similar to those introduced in chapter |

for OECTs. Applying a positive voltage at the counter electrode reduces the PEDOT to its



neutral state, making it a blue color; and applying a negative voltage oxidizes the PEDOT,

21

making it transparent.
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Figure 11-2. Typical structure of a polymer electrochromic device. Panel (a) shows the device
with reduced PEDOT, which strongly absorbs visible light in the red part of the spectrum. In
panel (b), the PEDOT is oxidized and transparent at visible wavelengths.

Applications for PEDOT:PSS-based electrochromic devices were demonstrated as early

as 2002 when P. Andersson, et al. fabricated a 4 x 10 array of individually addressable

electrochromic pixels by integrating electrochromic devices with OECTSs.*° Other engineers used

similar techniques and materials to make switchable diffractive optical devices.®¢°*°3 For

example, S. Admassie and O. Inganas patterned PEDOT:PSS films into grating structures with

stripes of PEDOT:PSS on indium tin oxide (ITO).% In these structures, at 0 V applied between

the film and the counter electrode, the PEDOT:PSS is ~ 85% transparent and contrasts only

weakly with the ITO. However, when a positive voltage is applied, the PEDOT:PSS darkens, and

the lines contrast more strongly with the ITO, forming an absorptive diffraction grating. The

increased optical contrast causes the intensity of diffracted light to double compared to its

intensity when 0 V is applied. In our lab, we extended this work and made an absorptive Fresnel

lens with a variable focal length.** We patterned concentric circles of PEDOT:PSS using

electrochemical overoxidation,®® as shown in Figure 11-3. When the PEDOT is oxidized, the

entire lens is transparent and focuses at infinity, but when the PEDOT is reduced, there is a
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pattern of absorbing concentric circles that diffract the incident light and focus it at a distance of
33 cm. At an applied voltage of +1 V, approximately 0.5% of the incident light is diffracted to
the focus at 33 cm. Although 0.5% is a low diffraction efficiency, the intensity at the focus for

+1V applied is 8 times the intensity at the focus for —1 V, as shown in Figure 11-3.
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Figure 11-3. Device structure and operation of an electrochromic Fresnel lens. Panel (a) shows a
cross-section of the device structure. Panels (b) and (c) show photographs of the Fresnel lens
when it is off (b) and on (c), demonstrating the change in PEDOT:PSS absorption. Panels (d) and
(e) describe the path of light rays passing through the lens in the off (d) and on (e) states. Panels
() and (g) show the cross-sectional intensity profiles of the focal spot of the lens.

B. Moving front experiments for estimating ionic mobility

While the examples above show that electrochromism in PEDOT:PSS can be directly
useful in applications such as displays and electrically switchable lenses, electrochromism can
also be used for more basic research purposes, such as inferring the concentration of charge
carriers in PEDOT:PSS. Figure 11-4 shows that the absorption spectra vary continuously as a
function of the voltage on the counter electrode. This continuous variation occurs because not all
of the PEDOT is oxidized at the same voltage; therefore, the prominence of the absorption peak
near 600 nm represents the ratio of neutral to oxidized PEDOT molecules. As the counter
electrode is made more positive, more PEDOT molecules are reduced to the neutral form, so
more HOMO-LUMO absorption occurs, and the height of the absorption peak near 600 nm
increases. Because neutral PEDOT molecules have no charge carriers and oxidized PEDOT
molecules have holes (see chapter I), strong absorption near 600 nm indicates a low

concentration of holes in the PEDOT and consequently, a low conductivity.
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Figure 11-4. PEDOT:PSS absorption spectra as a function of voltage applied at the counter
electrode. Panel (b) shows the change in optical density as a function of the voltage applied at the
counter electrode for wavelengths corresponding to HOMO-LUMO absorption.

Several authors have used this inverse relationship between visible absorption and carrier
density to infer the rate of ion transport as the ions dope (or de-dope) films of various organic
semiconductors.®**° For instance, E. Stavrinidou, et al. designed an experiment with 1-
dimensional ion transport through a PEDOT:PSS film, as shown in Figure 11-5.%° The
PEDOT:PSS started in its conductive state with 0 V applied at the counter electrode. When a
positive voltage was applied, cations began to drift into the PEDOT:PSS, first de-doping the
region near the electrolyte and causing its optical absorption near 600 nm to increase. As time
progressed, the optically absorptive region extended farther away from the electrolyte as the ions
moved farther into the PEDOT:PSS film. By recording the speed of this “de-doping front” as it
extended into the PEDOT:PSS film, E. Stavrinidou et al. obtained a direct measurement of the
rate of ion transport through the film. They concluded that the mobility of small metal cations in
hydrated PEDOT:PSS is ~10~2 cm?V~'s~1, which is the same as the mobility of these ions in
water. Additionally, they found that cation mobility dropped by about an order of magnitude

when a cross-linker was added to the PEDOT:PSS film. Because adding a cross-linker greatly
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enhances PEDOT:PSS film stability in water,% the decreased mobility with added cross-linker

suggests a steep tradeoff between device speed and stability.

V>0 White light source

Ag/AgCI
9Ag 100 mM NaCl
SuU-8
EDOT:PSS Gold-
Glass

0 2 4 6 8
@ b) Distance from electrolyte (mm)

Figure 11-5. Device structure and optical measurements of the de-doping front experiment. Panel

(a) shows the device structure, and panel (b) shows the position and cross-sectional shape of the

de-doping front in terms of the change in the PEDOT:PSS transmittance. In (b), each curve is the
profile of the de-doping front at a different time, starting 5 s after the voltage step on the counter
electrode and then in 5 s increments after that. Data in (b) come from E. Stavrinidou et al.*°

In our work, we have executed experiments similar to E. Stavrinidou, et al.’s work, but
we included voltage-measurement probes in contact with the PEDOT:PSS film, as shown in
Figure 11-6a,b. This allowed us to directly measure the amount of voltage dropped at the
electrolyte-PEDOT:PSS interface, in the PEDOT:PSS film, and at the PEDOT:PSS-electrode
interface. We used ~ 120 nm thick polymer film composed of PEDOT:PSS crosslinked with
3-glycidoxypropyltrimethoxysilane (GOPS). The contact to the PEDOT:PSS was a gold
electrode with a chromium adhesion layer, and we used an SU-8 layer as an ion barrier on top of
the PEDOT:PSS. Our electrolyte was 100 mM NacCl in water, and the counter electrode was a
2.5 mm x 2.5 mm silver/silver-chloride pellet. The results of our measurements are shown in
Figure 11-6¢-f, and they verify two important points about ion transport in PEDOT:PSS. First, as

predicted by the simple model described by E. Stavrinidou, the position of the de-doping front
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has a square-root dependence on time. According to that model, the position of the de-doping
front follows the relationship x = W where x is the front position, u is the ion mobility, V
is the applied voltage®, and t is the time after the voltage step. Although our data fit reasonably
well to the square-root dependence, we extract an ion mobility of u = (4 + 2) X

1073 em?V's!, T which is ~ 20 times larger than what E. Stavrinidou reported for the K*
mobility in GOPS-crosslinked PEDOT:PSS. This discrepancy appears partly because E.
Stavrinidou assumed that there was no voltage drop at the electrolyte-PEDOT:PSS interface;
whereas we account for a 0.7 V drop, according to our voltage measurements. Additionally,
Stavrinidou’s PEDOT:PSS film was substantially longer than the one we used (32 mm versus
220um). Because we used a shorter film, some of the ions in our experiment reached the gold
electrode before the optical measurements used for Figure I11-6f could be completed. This causes
the voltage dropped across the PEDOT:PSS film to change during the experiment — a
complication Stavrinidou did not encounter. The second detail about ion transport that our
experiment verified is that most of the 1 V applied at the counter electrode drops at the
electrolyte-PEDOT:PSS interface and at the PEDOT:PSS-gold interface. The voltage drop at the
electrolyte-PEDOT:PSS interface occurs because the electrolyte is a barrier to electronic charge,
and the voltage drop at the gold interface occurs because the gold is a barrier to ionic charge.
Charge can build up at both of these barriers and create space-charge regions with large electric
fields. One unexplained feature we see in our measurements is the drift of the measured voltages

more than 150 seconds after the applied voltage step (Figure I1-6¢). We are unsure what causes

“We use V = 0.3 V, the voltage across the polymer film rather than the applied voltage here. E. Stavrinidou et al.
used the applied voltage, assuming that no voltage was dropped in the electrolyte or at the electrolyte-film interface.
T The uncertainty on extracted mobility is based on a 95% confidence interval of the extracted slope from Figure
11-6f.



this voltage drift, but it could be a Faradaic current due to chromium oxidation at the gold

electrode.t0!
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Figure 11-6. Device structure and results of de-doping front measurement. Panel (a) is a
micrograph of the device before adding the electrolyte. Panel (b) is a diagram describing the
device structure. Panel (c) shows the measured voltage at each probe as a function of time. Panel
(d) shows the final voltage measured at each probe 200 s after the voltage is stepped at the
counter electrode. Panel (e) shows the de-doping front in terms of the measured intensity at each
pixel row of the camera. Separate curves were measured at different times after the step at the
counter voltage, as indicated in the colorbar. Panel (f) shows the position of the de-doping front
as a function of time. The distances plotted in (f) were extracted from panel (e) as the distance at
which the change in intensity was —30 counts on the 8-bit detector. The points plotted in panel
() are circled in panel (e). The vertical error bars in (f) are equal to the pixel pitch in the
recorded image of the device. The horizontal error bars in (d) are equal to the width of the

voltage probes in the device.
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Altogether, the measurements described above provide insight about ion transport in
PEDOT:PSS and motivate optical techniques to study the operation of OECTSs. To this end, we
have made simultaneous optical and electrical measurements of PEDOT:PSS-based OECTS, as

discussed below.

C. Optical measurements revealing non-uniform hole mobility in OECTs

Theoretical predictions and experimental results show that the carrier mobility in
conjugated polymers depends on carrier concentration. However, existing models for OECTs
assume uniform carrier mobility along the transistor channel despite variations in carrier
concentration. In this section, we develop a model incorporating non-uniform mobility to
describe the steady-state behavior of OECTs. We tested this model using in situ optical
measurements of an OECT channel to decouple the mobility and carrier concentration
contributions to channel conductivity. We found that unlike existing models, the non-uniform
mobility model agrees with these measurements. Furthermore, we found that the model matches
current-voltage data over a wide range of device geometries and two different device
architectures. Finally, we show that we can obtain a 120 % improvement of transconductance by
operating a sensor according to device parameters given by the non-uniform mobility model
rather than those extracted from an existing model that assumes a uniform mobility. Ultimately,
the model in this section allows more accurate measurement of material properties via transistor
characterization. This will enable better-informed material optimization, development of more
accurate transient models for OECTSs, and more effective use of OECTs made from existing

materials.

D. Development of a non-uniform mobility model

As discussed in chapter I, a basic understanding of OECT operating principles has

allowed OECTS to be successfully used in numerous sensing?3:27:5457.60,63,65-67,69,84,102-104 5y
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logic applications;**-*® however, understanding of OECT device physics and material science is
still limited. Existing models for OECTs either fail to provide quantitative predictions for device
behavior?* or fail to account for well-known material properties of conjugated polymers.2® For
instance, Bernards and Malliaras provided an early model for OECT behavior.?® This model
adapts the standard treatment of long-channel depletion-mode inorganic field-effect transistors®®
by incorporating an ionic coupling between the gate and channel. While this model has been
used to explain OECT behavior in numerous applications,?"°36264105 jts accuracy is limited
because it treats the OECT channel as if it were a well-ordered, crystalline semiconductor.
Therefore, this work — and much of the OECT literature?6-3053.104106-108 _ as5ymes that mobility
is a constant and independent of carrier concentration. Numerous theoretical**®> and
experimental®®115-118 stydies have shown that this assumption is false. These reports show that
carrier mobility depends on carrier concentration and have found that this dependence is due to
the exponentially distributed density of states (DOS) near the band edges in disordered organic
semiconductors. As the “trap states” near the band edge are filled, carriers begin to occupy states
at higher energies, where the DOS is much larger. Because the DOS is larger, more sites are
available for carriers to hop into. Consequently, carriers deeper into the DOS have a larger
mobility than if they were near the band edge. According to this explanation, the dependence of

mobility on carrier density should follow the relationship

u(p) = po X [pﬂo]ﬁ_l (11.1)

where u is the hole mobility, p is the hole concentration, E, is the disorder parameter describing
the energetic width of the tail of the density of states, k is Boltzmann’s constant, T is
temperature; u, is a mobility prefactor that is independent of carrier concentration but might

depend on other factors such as temperature; and p, is the zero-field hole concentration.1%11°
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Researchers have observed the dependence of mobility on carrier concentration in OECTs with
various combinations of semiconductor and electrolyte materials.*2>122 However, none of these
authors integrate their empirical findings about carrier mobility into a closed-form expression for
OECT channel current as a function of gate and drain voltage.

Other authors, in particular, Berggren et al., do include a nonlinear conductivity versus

hole concentration relationship in their current-voltage equations for OECTs. By assuming a

conductivity of the form o = gy X [¢ + (pﬁ)y], where ¢ and y are empirically determined
0

constants, these authors have implicitly assumed a mobility with the form given by

(11.1). Berggren et al. show that their model predicts a voltage drop along the OECT channel that
steepens as it nears the negatively biased drain electrode.?* Their spatially-resolved voltage
measurements and their optical measurements qualitatively agree with their predictions.
However, their model contains too many free variables to quantitatively compare it to
measurements or to extract meaningful device parameters.??® Furthermore, for a fixed gate
voltage, their model fails to predict a decrease in the average carrier density as the drain voltage
is made more negative. Later, the Berggren group developed a model for electrolyte-gated field-
effect transistors that addressed these shortcomings, but they did not compare it to spatially
resolved measurements along the transistor channel.*?*12* Despite these weaknesses, their
models demonstrate the importance of non-uniform hole mobility along the OECT channel.

In the present section, we follow the work done by the Berggren and Malliaras groups
and introduce a non-uniform mobility into the Bernards model.?® The resulting model is simpler
than the Berggren models and fits experimental current-voltage data better than the Bernards
model. Furthermore, unlike the Bernards model, the non-uniform mobility model also explains

spatially-resolved optical data.
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The Bernards model starts with the assumption that each injected cation removes one
hole from the PEDOT:PSS. Thus the hole concentration in the channel can be found as shown in

Equation (11.3)

dQ(x) = cWdx[V; —V(x)] (1.2)
) =1 ) = 1 22) =

where dQ /dx is the cationic charge density injected into the transistor channel, x is the distance
along the OECT channel away from the source electrode, c is the ionic capacitance per unit area,
W is the channel width, h is the channel thickness, V;; is the gate voltage, V (x) is the voltage in
the channel at position x, p, is the hole density before any cations are injected, and V, = gpyh/c
is the channel pinch-off voltage. The ionic capacitance, c, is given by the capacitance of two
capacitors in series. One of these capacitors is at the gate/electrolyte interface, and the other is

the capacitance of the OECT channel 2”282 Inserting Equation (11.2) and (11.3) into the

differential form of Ohm’s law, | = GZ—Z, yields

]=qmmﬁfl%§9%% (11.4)
where ] is the current density through the channel, and o is channel conductivity. Equation (11.4)
is identical to Equation (5) of the Bernards model except for the E,/kT power that comes from
Equation (11.1).
Because the steady-state current density throughout the OECT channel is constant, the

integration to obtain the current-voltage relationship is straightforward.

Vb £o
L Vg-V kT
&Jw=j auopo |1 — 72| av (115)
14

=0
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where G = is the channel conductance under zero applied field, and V}, is the drain

voltage. When Vj, < Vp 54t = Vi — Vp, the proposed model assumes the typical pinch-off
behavior exhibited by long-channel transistors,*® as indicated by Equation (11.7). After obtaining
the 1-V relationship given by Equation (11.6) and (11.7), we integrate Equation (I1.5) from the

source to an arbitrary distance x. This yields

Ix = g2 “1 Yez V(")]"TH [1—"—‘;]%“] (11.8)

_0 14
kT P

Using Equation (11.6) for the linear regime or Equation (11.7) for the saturation regime, this

Ve—-V(x)
P

expression can be solved for 1 — , Which can be substituted into Equation (11.3) to find

the hole concentration as a function of position along the channel,

kT

Pe) _ ['x[ ] [1-L ]ﬁ“r‘ﬁw
P

: (1.9)
Do GLVp v
which is valid in both the linear and saturation regimes, as long as the appropriate expression is
used for 1.
1. Optical evidence for non-uniform hole mobility
We tested the theory presented in section C-D by fabricating OECTSs with the lateral
geometry shown in Figure 11-7 and making current-voltage measurements simultaneously with

optical absorption measurements. These OECTSs used a transparent gel as the electrolyte and gold

as the gate electrode. For the current-voltage measurements, we used a two-channel source meter
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unit, and for the optical measurements, we used the setup shown in Figure I1-7d. More

experimental details are provided in Appendix I.

Figure 11-7. Diagrams showing a lateral OECT in the high conductivity a) and low conductivity
b) states. ¢) Micrograph of a lateral OECT used for this study. d) Schematic of the setup for
optical measurements.

As shown in Figure 11-8a,b, the current-voltage data quantitatively fit both the Bernards
model and the proposed non-uniform mobility model.” Both models predict similar zero-field
conductance of ~ 0.65 - 0.75 mS, but the non-uniform mobility model predicts an onset of
saturation at 720 mV — about 40% higher than the value predicted by the Bernards model. In
Figure 11-8c,d, we show the hole concentration predicted by the non-uniform mobility model as
well as the response from our optical measurements. The optical data agree qualitatively with the
proposed model; however, without a priori knowledge of how hole concentration and optical

response are related, we cannot make a quantitative comparison. To examine this relationship,

* Although the Bernards model fits nicely to the data for Vj, > Vj, 54, , it does not fit as well in the saturation regime.
Using an F-Test to compare the quality of fits for the Bernards model and the non-uniform mobility model, we find
that the non-uniform mobility model is a better fit with a p-value of p < 10 for the data shown in Figure 11-10.
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we plot optical absorption at every Vp, V; combination as a function of the predicted hole
concentration parameterized by the position along the OECT channel. As shown in Figure 11-9a,
the Bernards model does not yield the expected one-to-one relationship between the predicted
hole density and the optical response. However, if we take into account non-uniform mobility, all
of the curves collapse onto a universal curve that holds for every combination of V, and V;

(Figure 11-9b).
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Figure 11-8. Output curves and hole concentration for a lateral OECT. Panels (a) and (b) are the
output curves of the OECT where dots are data and solid lines are the fit to the model. In (a), the
Bernards model is used for the fit. In (b), the non-uniform mobility model is used. The free
parameters used for the model fits are inset in (a) and (b). Panel (c) shows the hole concentration
along the OECT channel predicted by the non-uniform hole mobility model with Ey/kT = 2. (d)
Measured optical absorption increase along the OECT channel. In (c) and (d), the drain voltage
of each curve is encoded by the color bar on the right side of (d), and the gate voltage is labeled
inside the left edge of (c) and (d). Optical measurements could not be taken outside of the
vertical dashed lines shown in (c) and (d) because of shading and interference ringing at the
electrode edges.
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Figure 11-9. The measured optical absorption increase plotted as a function of the hole
concentration predicted by the Bernards model (a) and the non-uniform mobility model with
Ey/kT = 2 (b). We note that in (a) the curves spread out monotonically with drain voltage,
indicating a systematic error in the model.

The lack of a universal curve in Figure 11-9a demonstrates that the Bernards model does
not contain all of the relevant physics. As explained above, removing holes from the system
reduces the number of polarons. Because a decrease in the hole concentration should increase the
visible absorption of PEDOT:PSS, there must be a one-to-one (but not necessarily linear)
relationship between hole concentration and absorption, regardless of the drain and gate voltages.
This is not experimentally observed unless energetic disorder in the density of states is accounted
for by including a non-uniform mobility in the proposed model. Furthermore, we found that
other modifications to the Bernards model, such as taking into account channel length
modulation, contact resistance, or a voltage-dependent ionic capacitance all failed to generate a
universal curve (see Appendix | section B). However, a modification that assumes an
exponential dependence of mobility (rather than the power law dependence described in section
C-D) on hole concentration does yield a universal curve (see Appendix | section B). This

supports the argument that the correct modification to the Bernards model involves a hole-

concentration-dependent mobility. Although the exponential dependence gives results
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comparable to the power law dependence, we prefer the power law model because it is based on
experimentally and theoretically justified physics. Moreover, the extracted disorder parameter of
E, = 2kT is consistent with typical experimental results for conjugated polymers.12

Another element of interest is the shape of the optical response versus hole concentration
relationship shown in Figure 11-9b. If the change in the optical absorption does not depend on the
energy of the hole removed, there would be a linear relationship between visible absorption and
hole concentration. Figure I11-9b and Figure V1I-15 (in Appendix 1), show a nearly linear
relationship, as one would expect if the number of visible photons absorbed was directly
proportional to the density of neutral PEDOT molecules. However, this linear relationship breaks
down at high hole concentrations. This could be due to the fact that at these carrier
concentrations, the presence of bipolarons in addition to polarons and neutral PEDOT molecules
complicates the absorption properties of the material. Although we do not have a detailed
explanation for this departure from linearity, we note that similar behavior in the optical response
at high conductivities has been reported by others,1?/-1%
2. Geometrical scaling of transistor parameters

To further test the validity of the non-uniform mobility model, we checked to see if it
holds for devices with different architecture and geometries. Not only did we test devices with
the lateral geometry shown in Figure 11-7, but we also tested devices with a vertical geometry
where the Ag/AgCI gate electrode is suspended in a liquid electrolyte (100 mM NacCl), as
described in Figure I-2. Using the vertical geometry with a liquid electrolyte and a Ag/AgCl gate
instead of gold leads to higher ionic mobility, the presence of mobile anions, and a gate electrode
with greatly reduced polarizability. Despite these effects and others, we did not expect the

changes to our experimental system to invalidate the assumptions of our model. Therefore, using
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both sets of experimental conditions is a stringent test of our model. Furthermore, we not only
tested a different architecture, but we also measured devices with six different channel width-to-
length ratios ranging from 0.14 to 5.5. The I-V data for the devices with the smallest and largest
width to length ratios are shown in Figure 11-10. The non-uniform mobility model yields an
excellent fit to the 1-V data even for devices with width-to-length ratios differing by more than an
order of magnitude. However, the Bernards model fails to accurately describe the saturation
behavior of these devices. This distinction between the two models is most apparent at higher

gate voltage values.
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Figure 11-10. Comparison of experimental data (circles) to model fits (solid lines) for devices
with the vertical OECT geometry. Panels (a) and (b) are the data and fits for a device with
width/length = 33.2 um 238 um. Panels (c) and (d) are the data and fits for a device with
width/length = 250 um /5.6 um. The nonuniform mobility model fits are in panels (a) and
(c), while the Bernards—Malliaras model fits are shown in panels (b) and (d). Each curve is for a
different gate voltage starting from V; = 0 mV and increasing in 50 mV steps up to 400 mV, as
indicated by the labels on the top and bottom curves.

Although Figure 11-10 clearly shows that the non-uniform mobility model fits device data
for a wide range of geometries, the robustness of this model to geometry variations cannot be
confirmed without analyzing the trends in the fit parameters. In Figure I1-11, each fit parameter
is plotted as a function of the channel width to length ratio. Figure 11-11a shows that the
extracted zero-field channel conductance, G, scales linearly with W /L. When the linear fit to
these data is forced to cross the origin, the degree-of-freedom-adjusted coefficient of correlation

is r2 = 0.99. The slope of this linear fit is 0.88 mS, and the dry-film thickness of the channel is ~
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100 nm (the hydrated film is somewhat thicker). Thus we obtain a conductivity of approximately
90 S/cm, which is similar to previous measurements for the same PEDOT:PSS formulation.® In
contrast to the linear relationship between channel conductance and W /L, neither the pinch-off
voltage, nor the disorder parameter has a strong dependence on W /L, as shown in Figure
I1-11b,c. These results demonstrate that the proposed model not only fits the data for a wide
range of geometries, but it also extracts reasonable device and material parameters over this
range. Furthermore, the geometry scaling of these parameters rules out several other possible
explanations for the departure of device behavior from the Bernards model. For instance, if
parasitic series resistance were responsible for the observed behavior, the departure from the
Bernards model would be greatest for devices with large W /L, which is clearly not the case.
Similarly, channel length modulation would affect short-channel devices the most, but, as shown
in Figure 11-11d, disagreement with the Bernards model tends to increase slowly with channel
length. This tendency is not predicted by the proposed model, and we cannot offer a theoretical
explanation for this behavior. However, we note that even for an ~400% increase in channel
length, the extracted disorder parameter varies by less than 40%. Moreover, even if the trend is
extrapolated to L = 0, the disorder parameter would still be 90% greater than what would be

extracted if the Bernards model were valid.
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3. Transconductance optimization
In section D-1, we demonstrated that the pinch-off voltage provided by the non-uniform
mobility model is substantially larger than that provided by the Bernards model. This

discrepancy has significant implications for the use of OECTSs as biosensors. It can be shown

(see Appendix I equation (V11.13)) that the transconductance, g,, = (Z%) , Increases
G’y

monotonically as the drain voltage is made more negative, up to the saturation voltage. Because

many OECT-based sensing platforms use a fixed drain voltage,23°46769.103.131 the signal to noise
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ratio can be optimized by tuning the drain voltage. Setting the drain voltage at V, = Vp s4¢
maximizes the transconductance while minimizing bias stress on the device and damage to any
biological systems being measured.'®? As shown above, the Bernards model significantly
underestimates the pinch-off voltage. Because Vp, 54 = V; — Vp, an underestimate of Vp
translates to an underestimate of |Vp 4. | (for Vs > V;;) and leads to suboptimal
transconductance. Figure 11-12a demonstrates this effect for a device operated at V; = 225 mV.
If the data for this device are fit using the Bernards model, the extracted pinch-off voltage is

Vp = 425 mV; whereas, the non-uniform mobility model yields V, = 593 mV. Therefore, at
V; = 225 mV, the saturation voltage is V177 = —200 mV, according to the Bernards
model, and Vp, 54 = —373 mV, according to the non-uniform mobility model. One can define %
improvement of the transconductance as

9(Vpsat)-9(Vhear™ ™

S(VEsr ™)

%Improvement = x 100%, (1.10)

where Vj, 54 IS calculated with V, extracted from the fit to the non-uniform mobility model and
ypernards s calculated with Vp extracted from the fit to the Bernards model. With this
definition, we find that operating the device at the saturation voltage given by the non-uniform
mobility model results in a 19% improvement in transconductance over what would be obtained
if the device were operated at the saturation voltage given by the Bernards model. As shown in
Figure 11-12b, this effect becomes more pronounced at increased gate voltage, providing a 127%
improvement when the gate voltage is 375 mV, the highest gate voltage for which we could use

the Bernards model. Because transconductance increases monotonically with drain voltage and
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because the Bernards model consistently underestimates the saturation voltage, using the non-

uniform mobility model will consistently improve transconductance.
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Figure 11-12. Transconductance obtained by numerical differentiation of the transfer curves for
each drain voltage. The transfer curves were obtained from measurements of a device with the
vertical geometry and width/length = 50 um/50 um. In panel (a), the transconductance is
plotted as a function of drain voltage for V;, = 225 mV. The solid line shows the expected
transconductance calculated according to the non-uniform mobility model. The dashed lines
show the saturation voltage and corresponding transconductance for the Bernards model
(Verrards = —0.2 V) and the non-uniform mobility model (V} sqc = —0.37 V). In panel (b) the
improvement in transconductance obtained by using the non-uniform mobility model to extract
the saturation voltage rather than the Bernards model is plotted. The error bars are calculated by
propagating the uncertainty in gate voltage due to the finite step size between measurements. We
assume that this uncertainty is +one-half of the 50 mV step size between gate voltage
measurements.

E. Conclusion

In conclusion, we have shown several uses for electrochromism in PEDOT:PSS. For
instance, we fabricated and characterized electrically-switchable Fresnel lenses, and we used
simultaneous absorption and voltage measurements to understand the ion mobility in
PEDOT:PSS films. Finally, we used electrochromism in PEDOT:PSS to show that the
assumption of uniform mobility in an OECT channel is incorrect. We developed a non-uniform
mobility model and experimentally showed its validity for a wide range of device geometries and

two substantially different device architectures. This model provides more accurate information
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about the properties of the active material in an OECT, such as the conductivity, zero-field
mobility, disorder parameter, and the ratio of the zero-field hole concentration to the ionic
capacitance (which can be obtained from the pinch-off voltage?®). Knowledge of these material
parameters will enhance understanding of charge transport in conjugated polymers and will
enable more effective material screening for the development of new polymers to be used in
OECTs. Additionally, the improved knowledge of material properties allows more effective use
of OECTs in biosensing applications. In particular, using the non-uniform mobility model
instead of the Bernards model to extract the saturation voltage can lead to more than a 120%
improvement in transconductance. Furthermore, we expect that the improved understanding of
mobility in OECTs provided by the non-uniform mobility model will be useful in developing a
more accurate transient model of OECT behavior. Such a model could be used to quantitatively
explain numerous disagreements in the literature between observations and theoretical
predictions of transient behavior,26:108.133

Although the non-uniform mobility model provides many improvements over previous
models, it also has several drawbacks. In particular, it is mathematically undefined for V; > Vp,
and it does not fit well to data for V; < 0. Therefore, it is worthwhile to introduce a more
detailed model that takes into account unique physics that occur in the abovementioned voltage

ranges. Such a model is the topic of the next chapter.
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CHAPTER I
INFLUENCE OF DISORDER ON TRANSFER CHARACTERISTICS OF ORGANIC
ELECTROCHEMICAL TRANSISTORS

The non-monotonic dependence of transconductance on gate voltage is a ubiquitous
property of OECTs. However, this behavior is not described by existing models, including the
non-uniform mobility model described in chapter Il. We show that the non-monotonic
transconductance arises from the influence of disorder on the electronic transport properties of
the organic semiconductor and occurs even in the absence of contact resistance. To explain this
behavior, we present a model based on the physics of electronic conduction in disordered
materials. This model fits experimental transconductance curves and describes strategies for

rational material design to improve OECT performance in sensing applications.

A. Introduction

As discussed in the previous chapters, OECTs transduce voltage signals in the gate circuit
to changes in the drain current with significant amplification of signal power.3%8* This makes
OECTs useful in many biosensing applications,®! especially the recording of sub-mV
electrophysiological signals.®”913* Transistor signal transduction is characterized by transfer

curves, which describe the dependence of drain current, I,, on gate voltage, V,;. The derivative of
the transfer curve is transconductance, g,, = g%, which is a figure-of-merit for describing
G

transduction efficiency. As discussed in chapter I, the volumetric doping in OECTs endows these
devices with transconductance values exceeding that of other transistor technologies.?:%
However, OECT transconductance has a non-monotonic dependence on gate voltage, decreasing
at both high and low gate voltage. This behavior has been observed since the first OECTs were
reported in the seminal work of Wrighton et al., in 1984.1 It is a ubiquitous property of OECTs,

reported in devices made with different organic semiconductors — including polythiophenes,
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polyaniline, polypyrrole, and polyacetylene!®!® as well as different source-drain electrodes —
such as gold,® PEDOT:PSS,% and carbon.'*® Moreover, non-monotonic transconductance occurs
for various electrode geometries:>16611%6 and a wide range of fabrication technologies —
including orthogonal photolithography,®*” parylene-based photolithography,® screen printing,*®
and inkjet printing.1%°

Despite numerous reports of bell-shaped transconductance in OECTSs, existing models do
not predict this behavior. For example, the Bernards model predicts that transconductance is
constant in the linear regime and decreases linearly with gate voltage in the saturation regime.?
Other models for OECTSs assume a non-linear relationship between conductivity and charge
carrier concentration in the polymer,?*14% and, as noted in chapter 11, hopping transport would
cause such a relationship. Although these models fit experimental results showing non-constant
transconductance in the linear regime, they do not predict a bell-shaped dependence of
transconductance on gate voltage. Nonetheless, the partial success of these models suggests that
material disorder causes non-linear transfer curves in OECTSs.

Another proposed explanation for this behavior is a gate-dependent contact resistance.
Gate-dependent contact resistance causes bell-shaped transconductance in organic FETs, 41142
and this effect was recently explored in OECTs.” V. Kaphle et al. used an empirical model for
the dependence of contact resistance on gate voltage and showed that this can lead to a non-
monotonic transconductance. These results suggest that this behavior is not an intrinsic property

of OECTs, but rather a result of poor electrical contact to the channel.
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Figure 111-1. OECT geometry, polymer structures, and steady-state characteristics. (a) Bright-
field image of an OECT with voltage probes. The scale bar is 50 um. (b) Structure of poly(2-
(3,3-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2’-bithiophen]-5-yl)thieno[3,2-b]thiophene) —
abbreviated p(g2T-TT) (top) and PEDOT:PSS (bottom). (c) — (d) Output curves of an OECT
with (c) a PEDOT:PSS channel and (d) a p(g2T-TT) channel.

To examine the cause of the non-monotonic transconductance in OECTSs, we fabricated
OECTs on glass substrates with gold source and drain contacts, and we included probes for
voltage measurements at five positions along the OECT channel, as shown in Figure I11-1a. We
used these probes for two purposes. First, we measured the voltage along the OECT channel and
extracted the voltage drop at the source electrode due to contact resistance. Second, we made 4-
wire conductance measurements by using the outermost voltage probes for the sense contacts

while using the source and drain as force contacts in a standard Kelvin configuration. The OECT
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channels consisted of either PEDOT:PSS or p(g2T-TT) as the semiconductor (see Figure 111-1b).
PEDOT:PSS is a two-phase polymer salt where the semiconducting PEDOT phase is doped by
PSS (see chapter I); whereas, p(g2T-TT) is single-phase polymer without any native dopants.
This material distinction allows fabrication of both depletion and accumulation mode OECTSs
(see chapter 1), and hence provides an opportunity to probe the generality of our conclusions. We
used a typical OECT geometry with 100 mM NaCl in water as the electrolyte and a 12.5 mm?
Ag/AgCI pellet as the gate electrode. Additional experimental details are available in Appendix

B. Effect of contact resistance on transfer curves

Figure I11-2a shows the contact resistance for a PEDOT:PSS-based transistor. Although it
IS not possible to measure contact resistance at the drain electrode because of depletion effects, if
we assume that it is nearly the same as at the source electrode, we find that the total contact
resistance in the PEDOT:PSS-based OECT could be up to 20% of the total resistance (see
Figure VIII-4 in Appendix Il). Therefore, in PEDOT:PSS-based OECTSs with this W/L ratio
geometry, contact resistance noticeably influences the transfer characteristics. In contrast to the
PEDOT:PSS-based OECT, the p(g2T-TT)-based OECT (Figure 111-2b) has contact resistance
that contributes negligibly to the total resistance. Figure 111-2c and Figure 111-2d show how
contact resistance affects the transfer and transconductance curves. Contact resistance has an
effect on the transfer curves for 2-wire measurements, but it has no effect on 4-wire
measurements because separate electrodes are used for supplying voltage and measuring current,
as in typical four point probe measurements. By comparing the 2-wire and 4-wire measurements,
one can see that contact resistance in PEDOT:PSS-based OECTSs reduces the transconductance

by about 10% at gate voltages less than 0.2 V. Nonetheless, non-monotonic transconductance is
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evident in the 4-wire measurements for both PEDOT:PSS and p(g2T-TT), even though these
measurements are unaffected by contact resistance. Therefore, contact resistance is not the
primary cause of non-monotonic transconductance.

In addition to 4-wire measurements, we also made transmission line measurements using
PEDOT:PSS-based OECTs with different channel lengths and widths. For each device, we
extracted the total ON-state resistance by fitting the current vs. voltage curve to a straight line in
the linear regime of operation (V; = —0.4 Vand — 0.1 V <V, < 0.1 V). To find contact
resistance, we plotted total channel resistance as a function of channel length, width, and
thickness in a manner similar to the modified transmission line method of Xu et al.1*® Fitting
these curves to a straight line yields the channel resistivity (y-intercept) and the contact
resistance (slope). The results are plotted in Figure 111-3a, and the best fit was obtained with a
contact resistance of 64 Q and a channel conductivity of 380 S/cm. Therefore, we expect that
contact resistance contributes negligibly to the total resistance of the OECT with a channel width
of 10 pum, a channel length of 250 um, and a total resistance of more than 4500 €. Even though
this device has negligible contact resistance (< 2% of total resistance), the transconductance
clearly still has a non-monotonic dependence on gate voltage (Figure I11-3b). Therefore, the
transmission line measurements support the conclusion from the 4-wire measurements; contact

resistance is not the primary cause of non-monotonic transconductance.
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Figure 111-2. Effect of contact resistance. (a) — (b) Contact resistance at the source electrode
divided by the total resistance (contact resistance plus channel resistance) for (a) a PEDOT:PSS-
based OECT and (b) a p(g2T-TT)-based OECT. (c) — (d) Channel conductivity and normalized
transconductance (g = gm/|Vo| X L/(Wh), where V}, is the drain voltage and L, W, h are the
channel length, width, and thickness, respectively) for (c) a PEDOT:PSS-based OECT and (d) a
p(g2T-TT)-based OECT. In (c) and (d), dashed lines are 4-wire measurements, and solid lines
are 2-wire measurements. Error bars in (a) and (b) are calculated as described in the
supplementary material. In (c), both the 2-wire and 4-wire measurements were made with V,, =
—10 mV. In (d) V, = —25 mV for the 2-wire measurements, and V,, = =50 mV for the 4-wire
measurements. In (a)-(d), instead of using the gate voltage, V;, we have used the median gate-
channel voltage,V; — V,/2 on the horizontal axis to facilitate comparison between
measurements made at different drain voltages. Both devices have W = 200 um X L = 200 um
for 2-wire measurements andL = 180 um for 4-wire measurements. For PEDOT:PSS h =

100 nm, and for p(g2T-TT) h ~ 85 nm.
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Figure 111-3. Transmission line method measurements. In panel (a) the solid line is the best linear
fit to the data. The two data points enclosed in a circle were excluded from the fit. (b). Transfer
and transconductance curves for the transistor with W = 10 um and L = 250 um at V, =

—0.4 V. All measurements used 2-wire local sensing on the channel, not 4-wire Kelvin
measurements.

C. Thedisorder model
1. Model description and data fitting

Because we found that contact resistance is not the primary cause of the non-ideal
transfer curves, we modeled OECT behavior using a modified form of Ambegaokar, Halperin,
and Langer’s theory for hopping conduction in disordered materials.}** Figure 111-4 shows the fit
between this model and the experimental data. Briefly, the model assumes a Gaussian-shaped
energy density of states (DOS) and a Miller-Abrahams form of detailed balance for transition
rates between nearest-neighbor hopping sites.**® The present model is discussed in more detail in
the supplementary material and predicts that as the gate voltage is made more negative, more
holes are added to the semiconductor, filling the DOS. At first, when the DOS is much less than
half full, adding holes increases both the hole concentration and the hole mobility. In this regime,
transconductance increases as the gate voltage is made more negative. As the DOS becomes
nearly half full, the rate of increase of both hole concentration and mobility slows, causing a

decrease in transconductance as the gate voltage is made more negative. When the DOS is more
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than half full, adding more holes decreases hole mobility, and the transconductance becomes
negative (see Figure VIII-1 in Appendix Il). These predictions qualitatively agree with other
theoretical and experimental studies that show a non-linear relationship between conductivity

and charge carrier concentration,12:114.146-148
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Figure 111-4. Disorder model fit to OECT transconductance for (a) a PEDOT:PSS-based OECT
and (b) a p(g2T-TT)-based OECT. In both figures, the solid blue curve is the fit to the
transconductance, the solid red curve is the model prediction for the drain current, the black dots
are the experimentally measured drain current, and the gray dots are the experimentally
measured transconductance. V, = —10 mV and 4-wire sensing is used for both (a) and (b).

2. Discussion of fit parameters

The proposed model fits the transconductance curves of both PEDOT:PSS-based and
p(g2T-TT)-based OECTs with four free parameters. As predicted by the model, these polymers
exhibit an initial increase and subsequent decrease of transconductance as gate voltage becomes
more negative. The model further predicts that at more negative gate voltages the
transconductance will become negative, but we were not able to observe this behavior because
we had to avoid the over-oxidation of PEDOT and the electrolysis of water. Other
polymer/electrolyte systems are stable at more negative gate voltages, and OECTs with those
materials do exhibit the full range of predicted features — including negative

transconductance.'®'?? Extracted values for the four fit parameters are listed in Table I11-A; g, is
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the polymer conductivity at V; = 0 V for PEDOT:PSS and at V; = —0.4 V for p(g2T-TT); E, is
the energetic position of the peak of the DOS with respect to the Ag/AgCl electrode; o3, is the

DOS variance; and 7 is the critical probability of bond connectivity required for percolation.

Table 11I-A. Fit parameters for the disorder model.

g (S/m) Opos (meV) Ey (meV) n (%)
PEDOT:PSS 278 4/- 0.6 950 +/- 30 -830 +/- 60 0.14/-0.01
p(g2T-TT) 96 +/- 0.5 410 +/- 10 -640 +/- 10 1.0+/-0.1

The extracted o, values are similar to reported values for PEDOT:PSS and p(g2T-TT),*!428 and
the extracted DOS widths (op,s) are about one order of magnitude larger than that reported for
dry films of polythiophenes.'*®1*0 However, DOS widths for electrochemically doped
polythiophenes can broaden significantly.*?2151152 The critical bond connectivity, 7, extracted
by the proposed model for p(g2T-TT) is about one order of magnitude smaller than expected for
close-packed spheres, and for PEDOT:PSS it is about two orders of magnitude smaller than
expected.* However, n decreases strongly as the aspect ratio of conducting structures
increases,*> and conduction in polymers depends on high aspect ratio structures due to carrier
delocalization along polymer backbones'®* and anisotropic phase segregation.'®® Therefore, 7 is
expected to be much smaller in polymers than in systems composed of close-packed spheres.
3. Comparison with non-uniform mobility model

In chapter 11, we presented a model for the steady-state behavior of OECTS, and in this
chapter, we developed a different model that also describes OECT steady-state behavior.
Therefore, it makes sense to consider the strengths and weaknesses of these two models as well
as the different assumptions they rely on. Both the non-uniform mobility model (chapter I1) and
the disorder model (chapter 111) are based on the work of V. Ambegaokar, B. I. Halperin, and J.

S. Langer (AHL) regarding hopping conductivity in disordered systems.'** The non-uniform
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mobility model derives almost directly from the work of M. C. J. M. Vissenberg and M. Matters
(VM), who built on AHL’s work by showing the effects of hopping conductivity in disordered
materials with an exponential DOS.'° VM showed that the hole mobility in such a system has a
power law dependence on hole concentration (see equation (11.1)). The non-uniform mobility
model uses this expression for the mobility and relies on the assumption of a constant
capacitance to calculate hole concentration (see equations (11.2) and (11.3)). Like the non-uniform
mobility model, the disorder model follows the work of AHL. However, unlike the VM and non-
uniform mobility models, the disorder model assumes a Gaussian-shaped DOS and a linear
relationship between Fermi-level and applied voltage. This assumption, combined with a
Gaussian DOS and Fermi-Dirac statistics, implies a non-constant ionic capacitance in the OECT.

Because the tail of the Gaussian DOS resembles an exponential, the disorder model is
more comparable to the VM and non-uniform mobility models at low hole concentrations (see
Figure 111-5a). In this regime, the VM model predicts that conductivity depends exponentially on
Fermi level with a slope of 1/(kT) regardless of the slope of the exponential DOS. One can
recognize this prediction by considering equations (4) and (8) from VM.

o = gpexp(—s,) -- VM eqn (4)

B.~m (%)3 N exp (_E%;CI{T) -- VM eqn (8)

Solving these equations yields an exponential dependence of conductivity on Fermi level as

shown below
To 3To
~ Ne\T (To \ T i
g ~UO(BC) (ZaT) eXp(kT )’ (I11.1)
where ¢ is the conductivity; o, is an unknown prefactor; s, is the exponent for the critical

conductivity; B, is the critical bond connectivity; T, describes the slope of the exponential DOS;

« is a wavefunction overlap parameter; T is the temperature; N, is the total number of hopping
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sites per unit volume; E is the Fermi level; and k is the Boltzmann constant. Because the
disorder model has a nearly exponential DOS for energies greater than ~200 meV, we expect it
to agree with VM and predict a conductivity that depends exponentially on E. Figure 111-5b
shows that the disorder model does in fact yield an exponential conductivity with a slope of o «

exp (— %) Because the disorder model assumes Ep = q X [V; — V,] the exponential slope in

Figure 111-5b agrees with VM. On the other hand, the non-uniform mobility model predicts a

super-exponential decrease in conductivity.
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Figure 111-5. Comparison of disorder model (chapter I11) with the non-uniform mobility model
(chapter 11) and the VM model.**® Panel (a) shows an exponential fit to the Gaussian DOS used
in the disorder model. Panel (b) shows the predictions of the three different models for low hole
concentrations.

In addition to this discrepancy at low hole concentrations, the non-uniform mobility
model and the disorder model make substantially different predictions at high hole
concentrations. In particular, the non-uniform mobility model uses a strictly monotonic DOS, so
it cannot explain non-monotonic transconductance. Despite this shortcoming, the non-uniform
mobility model possesses a significant advantage; it provides a closed-form expression for
channel current; whereas, the disorder model requires numerical calculations. Therefore, if one

needs an analytic model for OECT behavior, the non-uniform mobility model is the best choice,
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but one must be careful to only use it in the regime of small positive gate voltages, where we
have shown that it agrees with experimental measurements (see chapter 11). Otherwise, the

disorder model is a better choice.

4. Discussion

Non-monotonic transconductance induced by material disorder has several implications
for OECT research. For instance, if contact resistance were the primary cause of the non-
monotonic transconductance, as proposed by V. Kaphle et al.,” the decrease in transconductance
with more negative gate voltages could be prevented by changing the metals used for
source/drain contacts and engineering the interfaces at these contacts. However, because non-
monotonic transconductance is an intrinsic property of OECTS, such strategies will not eliminate
the transconductance decrease at negative gate voltages. Our results suggest that researchers
developing new materials should focus not only on maximizing transconductance, but also on
ensuring that high transconductance occurs over a broad voltage window. In this respect, our
model predicts a tradeoff in OECT performance; decreasing the DOS width increases the peak
transconductance, conductance, and mobility but also decreases the width of the voltage range
over which transconductance remains near its peak. However, our model suggests that one can
work around this tradeoff by engineering n because as n decreases, the transconductance peak
becomes higher without becoming narrower (see Figure VI1I1-1g,f in Appendix II). Therefore,
designing materials with highly anisotropic conducting structures could improve OECT
performance. Unfortunately, it is not clear in the present model whether anisotropy is most
important at the molecular level of carrier delocalization or at the microscopic level of phase
segregation. Finally, new materials should be designed such that the maximum transconductance

occurs at voltages within the stable operating regime of the transistor/electrolyte system. This
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could be accomplished by adjusting the electronegativity of side-chain constituents to shift the

HOMO level of the semiconducting polymer.t®® Altogether, the present model suggests several

design strategies for OECT materials:

(1) Increase the anisotropy of conducting structures.

(2) Adjust the HOMO level so that peak transconductance occurs within the operational voltage
range.

(3) Tailor the DOS width on a case-by-case basis according to the tradeoff between maximizing

peak transconductance and broadening the window of high transconductance.

D. Conclusion

In conclusion, we fabricated accumulation-mode and depletion-mode OECTSs based on
two different polymer semiconductors, and we showed that both materials exhibit non-
monotonic transconductance. Using 4-wire conductance measurements and transmission line
measurements, we showed that non-monotonic transconductance occurs even in the absence of
contact resistance. We developed a model based on hopping transport in disordered materials and
demonstrated that it explains the transconductance of OECTS, thus supporting the conclusion
that non-monotonic transconductance is an intrinsic property in OECTs. The model presented in
this chapter provides predictions about how material parameters, such as delocalization length,
HOMO level, and DOS width, affect OECT transfer characteristics. These results will inform the

design of materials for improved OECT performance in sensor applications.
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CHAPTER IV
TIME DOMAIN MODELING OF OECT BEHAVIOR

A. Introduction

As mentioned in previous chapters, OECTs are promising platforms for biosensing
applications.>°31571%8 For instance, OECTS can be used for in vivo electrocorticographic
(ECoG) arrays to detect epileptic activity®® or in vitro to detect the activity of cardiac cells.*>®
OECTs have also been used for long-term electrocardiogram recordings,®’*** measuring
metabolite concentration,?”>4°:57.60 and monitoring barrier-cell properties.®364102.13L.160 Sayerg]
reports also demonstrate OECT implementations of digital logic®3->1%! and neuromorphic
circuits.”"1%2 The transient behavior of OECTSs is critical in all of the applications mentioned
above. For example, 10-100 kHz operation is necessary for high-accuracy resolution of neuron
action potentials. In neuromorphic applications, the response speed following a gate pulse
determines learning times, and in digital logic circuits transistor bandwidth is an important
performance specification. Unfortunately, OECTs are slow devices, with time constants typically
on the order of 1-100 ms®7195136.163 and sometimes larger than 1 s.198.164167 These slow speeds
are an inherent consequence of the switching mechanism in OECTSs, which relies on the injection
of ions into the transistor channel. The time constant for ion injection determines the limiting
speed for the OECT, independent of hole drift times along the channel. This ionic speed is a
severe limitation for device performance because strategies to increase the ionic speed degrade
other performance parameters. For instance, decreasing channel thickness increases switching
speed but causes a proportional decrease in transconductance.?®% Similarly, decreasing the
concentration of secondary polar dopants increases device speed but decreases channel

conductance and transconductance.®” Also, removing the crosslinker 3-
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glycidoxypropyltrimethoxysilane increases device speed but allows delamination during device
operation. %1%

In this chapter, we demonstrate that the slow ionic speed of OECTSs need not limit their
performance. We show that the OECT response can be made 30 times faster than its ionic speed
when the drain bias is tuned to the step-response voltage, Vs,.,,. Furthermore, we provide a
model that accounts for this high-speed behavior and can be used to understand the transient

response of OECTSs in a variety of applications.

B. Faster than ionic response

1. Background

As described in chapter I and shown in Figure 1V-1, a positive input voltage at the gate
electrode modulates the channel current by pushing cations from the electrolyte into the
PEDOT:PSS matrix. The cations form ionic bonds with the PSS, compensating the counter
charge for holes and thus decreasing the hole concentration in the PEDOT. Removing holes from
the PEDOT makes the channel less conductive and decreases the OECT’s output current.
Alternatively, a negative gate voltage pushes anions into the channel, increasing the hole
concentration and thus increasing the OECT’s output current. To date, every reported OECT has
operated no faster than the time required to charge the transistor channel with the ionic species.
This ionic time constant is analogous to the RC time constant of a simple resistor-capacitor

circuit, and because OECTSs have large capacitances (~50 nF for 100 pm x 100 pum devices),?
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the time constant is typically quite slow — even reportedly fast devices have time constants of

approximately 1 ms.*3®

Gate

Electrolyte = Vs =0

~ P \
@ \%1 |G
Source~5 . \
= raln//

Gate

Electrolyte Ve = +100 mV IGll =

Sourcamrain’ IS1 ICH ID1

. = v ¥
4 (Cation vV
® Anion _ D

Organic semiconductor
(a) (b) N

Figure 1V-1. (a) Structure and operation of a typical OECT with a PEDOT:PSS channel. Top:
OECT channel in the high-conductivity state with a gate voltage of 0 V. Bottom: The gate
voltage of +100 mV pushes cations into the OECT channel. These cations de-dope the organic
semiconductor, lowering its conductivity. (b) Circuit diagram of the discrete model showing the
gate current branches and the distinct source (Is), drain (I5), and channel (I.y) currents.

2. 20 ps step response

Although ion transport is an essential part of OECT operation and usually determines the
response speed, we show that it is possible to overcome this limitation. Figure IV-2 shows the
source current response to a gate voltage step from 20 mV to 0 mV with a constant drain
voltage. We tested the OECT with the drain voltage fixed at -30 mV (Figure 1V-2a,d), -80 mV
(Figure 1V-2Db,e), and -130 mV (Figure 1VV-2c,f). At -30 mV and -130 mV the source current
exponentially relaxes to steady-state in ~600 ps, but in Figure 1VV-2b the change in source

current settles to within 10% of its final value in only 20 us. We can compare this 20 ps
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response to the ionic speed by measuring the gate current, which is equal to the ionic charging
current of the OECT. Figure 1VV-2e shows the gate current corresponding to the source current
shown in Figure 1V-2b. The gate current is an exponential function with a time constant of

300 ps and requires more than 690 s to settle to less than 10% of its peak value. Therefore, the

source current response exceeds the speed of the ionic circuit by more than a factor of 30.
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Figure IV-2. (a)-(c) Change in the source current following a gate voltage step. (d)-(f) Gate
current and the change in channel current corresponding to the source currents shown in (a)-(c).
The drain voltage is -30 mV for (a) and (d), -80 mV for (b) and (e), and -130 mV for (c) and (f).
The gate voltage waveform is shown in the lower 1/3 of the panel in (a)-(c). In all panels, the
data were averaged over 16 repeated waveforms. The resulting averages are plotted as dots and
model fits are plotted as solid lines. The device had a channel width of W = 260 um, a channel



65

length of L = 100 um, and a channel thickness of approximatelyh = 150 nm. The values
%IG,max and Al are labeled in (f).

C. Discrete circuit model for OECT transient response

This observation of source current response speed exceeding the ionic speed has not been
previously reported. However, we can explain this faster-than-ionic response by building on
previous descriptions of OECT behavior.?426:27.123124 Bernards and Malliaras modeled OECT
behavior with a standard long-channel field-effect transistor (FET) and a series resistor-capacitor
(RC) circuit between the gate and channel.?® The FET describes the steady-state behavior of the
OECT, and the RC circuit describes the ionic coupling through the electrolyte between the gate
and the channel. This RC series can be understood as an approximation for equivalent circuits
typically used to describe ion transport.>2168-170 The RC time constant of this ionic circuit
determines the limiting speed of the electronic OECT response, regardless of electronic transit
times along the channel.?® Despite finding this, the Bernards model does not provide a closed-
form expression for OECT transient behavior because it fails to account for spatially varying
hole currents in the channel before steady-state is reached. Forchheimer et al. provide a model
without this shortcoming by describing the transient behavior of electrolyte-gated FETs with the
Ward-Dutton partition scheme.!?* Forchheimer et al.’s model highlights the fact that the source
and drain currents are not necessarily equal because the transient gate current contributes
differently at the source and drain terminals. Our discrete model follows the work of Bernards
and Forchheimer, describing the ionic circuit with a series RC, and allowing unequal source and
drain currents in the transient regime.

The discrete model is depicted in Figure 1V-1b and consists of four discrete circuit
elements — a resistor describing the ionic resistance between the gate electrode and the transistor

channel,?1% two capacitors describing the accumulation of ionic charge in the transistor
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channel, 2 and an ideal p-channel FET describing the OECT’s steady-state current-voltage
relationships.?® The discrete model makes the quasi-static approximation that the charge
distribution in the channel and the voltage profile in the channel are given by the steady-state
solution to the instantaneous source and drain voltages as well as the instantaneous effective gate
voltage (V; in Figure 1V-1).17172 Additionally, the discrete model assumes that the leakage
current, I, .4x, 1S negligible. Under these assumptions, the discrete model predicts the source and
drain currents given by

Is = =(Icy + Ig1)

Ip =Icp — Iz~

Following the Meyer partition,'”2 we can find I;; andl;, by assuming that half of the gate
current flows to the source terminal and half flows to the drain terminal. If the gate voltage is a

square step, the channel current is Ioy(t) = Ic5(0) + Al-y[1 — exp(—t/Tgc)], and the gate
current is I (t) = Ig maxeXp(—t/Trc) (see Appendix I11). The ionic RC time constant, 7z,
limits the response speed of the OECT; however, when Al = %IG,maX, the source current will
respond to a square voltage step with a square current step. Each row of Figure IV-2 corresponds
to a different drain voltage, and, because increasing the drain voltage increases 41 but does not
affect I; max, €ach row of Figure IV-2 also corresponds to a different Alcy /15 max ratio. Figure
IV-2c¢ and Figure 1V-2f show the monotonic regime; in this regime the source current has a small
positive step followed by an exponential increase until steady state is reached. The monotonic
regime occurs when Vp, is large enough that Al > %Ig,max, as shown in Figure 1V-2f. Figure
IV-2a and Figure 1V-2d describe the opposite behavior, the spike-and-recover regime. In this
regime, the source current displays a large positive step followed by an exponential decrease

until steady-state is reached. As shown in Figure 1V-2d, this regime occurs when V;, is small

enough that %IG,maX > Alqy. At the boundary between the monotonic and the spike-and-recover
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regimes is the step-response voltage, V.,,. When the constant drain bias equals the step-

response voltage, V, = V., and the gate voltage is a square step, the source current responds
with a step function. As shown in Figure 1V-2e, this step response occurs when %IG,maX = Alcy.

At the step-response voltage, the transient components of the gate and channel currents cancel
each other at the source terminal, and the source current steps almost instantaneously from one
steady-state value to another.

The shape of the source current varies greatly among Figure 1V-2a-c, yet the data all
come from the same device with the same intrinsic properties. This is made apparent by Figure
IV-2d-f, which shows that the corresponding gate currents can each be fit with a single
exponential and a time constant of 300 ps. This demonstrates that the source current responds
faster at -80 mV than at -30 mV and -130 mV even though t. is the same for all three cases.
Being able to vary the transient operation regime could be useful in applications that require
faster-than-ionic responses. For instance, a 20 ps step response is certainly fast enough to drive
video displays,*” and in neuromorphic devices, relaxation into the long-term-memory state
would be much faster if the OECT were biased at V.,,. However, restrictions on the step-
response regime may limit its usefulness in other applications. For instance, V., may not be
large enough to drive an LED and will lead to a less than unity current gain (41, /A1) at high
frequencies (= 400 Hz). Also, logic circuits will have to be carefully designed to rely on the
response speed at the positive end of the OECT channel (source current) rather than at the
negative end of the channel (drain current).

The results in Figure 1VV-2 not only demonstrate a method of exceeding the ionic speed of
an OECT, but they also demonstrate the robustness of our discrete model. This model uses four

parameters to describe the OECT response to an arbitrary gate voltage. The four parameters are
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the ionic resistance, R, the ionic capacitance, C¢y; a hole mobility, 4, describing the electronic
mobility of the holes in the transistor channel; and a pinch-off voltage, V, describing the voltage
at which the OECT transitions from linear to saturation behavior.?4?528 |n this chapter, all
measurements are made in the linear regime, so V, can be eliminated from the expressions for
changes in the source, drain, and gate currents. The discrete model’s fit to the source and gate
currents is shown with solid red lines in Figure 1VV-2. Even though Figure 1V-2 shows all three
transient operating regimes, the data are all simultaneously fit by the discrete model with the
same three fit parameters: R; = 2340 +90 Q; Ccy = 127+ 6 nF;and u = 2.2 +
0.1 cm?V 171,
D. Discrete model results
1. Predicting OECT output

Not only does the discrete model predict faster-than-ionic OECT operation but it also
predicts the response to arbitrary gate voltage waveforms. Figure V-3 shows the source and
drain currents as well as the discrete model’s prediction for the response to a 20 mV gate voltage
step (Figure 1V-3a), a 1 mV Lorentzian gate voltage spike (Figure 1\VV-3b), and a series of 10 mV
sine waves at different frequencies (Figure I1V-3c).These input waveforms were chosen because
of their relevance to several OECT sensing and logic applications. Square inputs have been used
for enzymatic sensing,>* detecting barrier cell integrity,541°213! digital logic circuits,3**® and
neuromorphic processing.”*" Lorentzian spikes mimic the shape of neuron action potentials that
might be detected by ECoG arrays, and sine waves are used to characterize the frequency-

domain behavior of OECTSs for biosensing applications and analog circuit performance.8*134160
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step (b) AI for a Lorentzian voltage spike. (c) Amplitude and phase of the transconductance as a

function of the frequency of the sinusoidal gate voltage. In (a) and (b), the gate voltage

waveform is on the lower 1/3 of the panel. In (a)-(c), the drain voltage is kept constant at V, =

—100 mV. In (a) and (b) the drain current is always negative, and the source current is always

positive. We plotted the negative change in the drain current to facilitate comparison between the

source and drain currents. In (a) and (b), the data were averaged over 19 and 24 waveform
cycles, respectively. In (c) four frequency sweeps were performed. In (a)-(c) the resulting
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averages are plotted as dots, and the model fits are plotted as solid lines. The device geometry
was W = 255 um; L = 100 um; and h = 150 nm.

Figure 1VV-3 shows that the discrete model simultaneously fits the responses to these
different waveform shapes, amplitudes, and frequencies using only three free parameters. These
model fits are shown in Figure 1V-3 as solid lines, and the device parameters extracted from the
fits are Rg; = 3090 + 50 Q; Coy = 92 + 1 nF; and u = 3.19 + 0.05 cm?V~'s~* — all of which
are within the range of typical values reported in the literature,28140.174

Figure 1\VV-3 demonstrates that the utility of our discrete model reaches beyond the scope
of applications that require faster-than-ionic responses. In particular, the discrete model
highlights the difference between the source and drain currents in high-frequency measurements,
such as those shown in Figure 1V-3a and Figure 1V-3b. Figure 1\VV-3b shows the source and drain
responses to a Lorentzian-shaped gate voltage pulse. As predicted by the discrete model, the
source current lags behind the gate excitation by less than 100 ps, but the drain current lags
behind the excitation by approximately 300 ps. Without the discrete model, this time delay could
confound the interpretation of transient measurements. For instance, neuron action potentials
generate voltage signals with shapes similar to the input voltage used for Figure IV-3b, and delay
times between action potentials from different neurons indicate the presence or lack of neural
connections.”™ Therefore, mapping neural connectivity with OECT-based arrays depends on a
complete understanding of the time delays between input voltages and output currents.

While proper design, operation, and interpretation of results are critical for OECT
applications, the development of new materials is equally important. PEDOT:PSS is currently
the most commonly-used material for OECTS, but because it contains the dopant PSS, it can
only be used for depletion-mode OECTs.826:3384 This is a major drawback for both sensing and

logic applications, and several materials for accumulation-mode OECTSs have been developed.®°
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We tested the generality of our model by fabricating an accumulation-mode OECT using an

undoped polythiophene, p(g2T-TT) (see Figure 111-1).1° We found that our model fits the time

domain response of this accumulation-mode OECT and that the OECT is capable of a step

response when biased at Vj, = Vg, (see Figure 1V-4).
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Figure IV-4. Frequency domain (a) and time domain (b) data for an OECT made with the
undoped polythiophene, p(g2T-TT). The model fits are lines, and the data are dots. These results
show that our model is able to fit data for more than one kind of OECT material and they show
that even the accumulation-mode transistor yields a step-response at the source terminal when
L2

2URGCcH
fitsare u = 1.3 cm?V~'s™1; R; = 6.1 kf2; and C.y = 74 nF. The device had a channel width of
72 um and a channel length of 97 um.

we apply the constant drain biasVs., = = —80 mV. The model parameters for these

2. Extracting material and device parameters

Because the discrete model is valid for OECTs made with any organic semiconductor, it
is not only useful for interpreting high-frequency measurements, but it also can be used to
estimate device and material parameters. The discrete model even describes a frequency-domain
measurement of mobility that does not rely on estimates of any other parameters. As shown in
section A of Appendix 11, the gate and drain current amplitudes are equal at the frequency given
by equation (1V.1)

2uVp
W =
0™ y3xL2’

(IV.1)
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where w, is radial frequency, u is hole mobility, V, is drain voltage, and L is channel length. We
have shown that this measurement technique yields a mobility of 2.3 + 0.4 cm?V~*s~? for the
OECT used in Figure V-2 and a mobility of 3.18 + 0.6 cm?V~*s™! for the OECT used in
Figure 1VV-3. These values agree with the mobilities from the time-domain measurements and are

within the experimentally reported values for PEDOT:PSS-based OECTs. 28174

3. Limitations of the discrete model

The discrete model accurately describes transient behavior for a variety of input
waveforms and biases, but it fails to take into account several non-idealities that affect OECTSs.
For example, previous chapters have shown that the ideal FET model is only valid over a limited
voltage range because of the effects of disorder on charge transport in organic semiconductors.
Because the long-channel FET model is only valid for a limited range of voltages, the discrete
model works best for small-signal excitations of less than 100 mV. This will not decrease the
utility of the discrete model for biosensing because many biosensing applications involve
measuring small excitations on the order of millivolts. For instance, action potentials only
produce an ~100 mV signal, which may be attenuated by tissue before reaching the
OECT. 18176177 Another complication for OECTSs is the presence of current drift even after t >>
Trc- This effect is noticeable in our devices, but only after t > 107z (~3 ms) and with an
amplitude of less than 500 nA (see Figure IX-3 in Appendix Il1), so it has a limited effect on
transient measurements. This long-time-scale drift could be due to a number of processes, such
as conformational changes in the polymer matrix,®® concentration-dependent ionic mobility,8>%
gradual redox processes due to dissolved hydrogen and oxygen in the electrolyte, 818 or
oxidation of chromium after it diffuses from under the source and drain electrodes.'®* These

processes might also cause asymmetric turn-on and turn-off speeds, especially for large voltage
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steps. Designing OECTs with thick channels (h = 2,/Dtg; = 1.8 um, where D is the ionic
diffusion coefficient) will add further complications because diffusion of the ions into the
channel will be slower than polarization of the electrolyte and ion drift in the electrolyte. 18182
Although the discrete model overlooks these complexities inherent in OECTS, it is accurate for
transient measurements in the small-signal regime, and one can adapt the model to describe non-
idealities. For instance, non-uniform hole mobility can be accounted for by adding a disorder
parameter to the steady-state equations used in the long-channel FET model (see chapter I1), and
certain non-ideal transient behavior can be described by allowing the capacitances to be
dependent on voltage.'?* The discrete model strikes a balance between simplicity and accuracy,
and, as shown in the next section, the model can be made more accurate at the expense of
increased complexity.
4. Extending the discrete model — non-monotonic transconductance

As discussed above, the simplicity of the discrete model make it useful for predicting
OECT output currents and extracting device and material parameters. However, in the previous
section, we noted that the discrete model is only accurate over a limited voltage window.
Therefore, in this section, we extend the discrete model by using the disorder model (chapter 1)
to describe the OECT channel while continuing to use the same RC circuit to describe the ionic
current. We also continue to use the Meyer partition and the quasi-static approximation. Figure
IV-5e,f shows the different predictions for the OECT transient response using the disorder model
(Figure 1V-5e) and the long-channel PMOS model (Figure 1V-5f) to describe the OECT channel.
Notice that both models provide accurate predictions for the current response when the gate
voltage steps from 0 V to 125 mV. However, the long-channel PMOS model fails as the gate

voltage step becomes larger. This failure occurs because the long-channel PMOS model cannot
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accurately describe the conductivity of a disordered semiconductor over a large range of carrier
concentrations. On the other hand, the disorder model accounts for changes in hole mobility as
hole concentration increases. Therefore, it is accurate over a wide range of carrier concentrations

and consequently a wide range of input voltages.
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Figure IV-5.Extending the discrete model by incorporating the disorder model. Panel (a) shows
an exponential fit to the gate current response to a gate voltage step. Each curve is for a different
magnitude of the gate voltage step. In each step the gate voltage was stepped from 0 V to V.
The values of V,; for each curve in the figure are 125 mV, 250 mV, 375 mV, and 500 mV, as
indicated in the figure. Panel (b) shows the magnitude of the exponential fits as a function of the
magnitude of the voltage step. Panel (c) shows the disorder model fit to the experimental transfer
curve, and panel (d) shows the fit with the long-channel PMOS model. Panels (e) and (f) show
the drain current response to the same gate voltage steps that were used for panel (a). In panels
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(e) and (f), the dots are measured data, and the solid lines are the model fits. Each different color
represents a different gate voltage step, as indicated in the panels. The device used for this figure
was a PEDOT:PSS OECT with width, length, and thickness of W = 40 um; L = 40 um; h =
200 nm in 100 mM NacCl gated with a 2.5 mm x 2.5 mm Ag/AgCI pellet.

As shown in Figure 1V-5, we compared the long-channel PMOS approximation to the
disorder model by making a series of measurements in which we stepped the gate voltage from 0
V to a higher voltage at time t = 0. Because the gate current is equal to the ionic current in the
OECT, we used the gate current to extract the ionic R; and C.y values via an exponential fit (see
equation (IX.8) in Appendix I11). Figure IVV-5a shows these exponential fits to the gate current,
and Figure 1VV-5b shows that the gate current at t = 0 is directly proportional to the size of the
gate voltage step, as expected. Once we extracted the parameters for the ionic current, we used
steady-state measurements to extract parameters for describing the OECT channel’s electronic
conductivity. In Figure IV-5c and Figure 1V-5d, we show the best fit to the steady-state data
using the disorder model and the long-channel PMOS model, respectively. As discussed in
chapters Il and 111, the disorder model accurately describes the curvature of the OECT transfer
curve; whereas the long-channel PMOS model predicts a linear response to the gate voltage.
Therefore, as shown in Figure IV-5f, the long-channel PMOS model is only accurate for a small
portion of the transfer curve.

Overall, the disorder model is certainly more accurate than the long-channel PMOS
model, but it is also more complicated. Because it is numerical, it cannot be easily implemented
in SPICE, and it requires more computation time. Most importantly, it cannot be easily inverted,
so it is less useful for calculating unknown input signals. Therefore, researchers should consider
whether their application requires accuracy over a wide range of input voltages or an analytical

model that can be easily inverted. In the former case, they should incorporate the disorder model
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into the discrete model, as described in this section. In the latter case, they should use the discrete
model with the long-channel PMOS approximation.
5. Extracting the input signal

So far in this chapter, we have shown that given a known input signal, the discrete model
can predict an OECT’s output current and provide estimates for device and material parameters.
In this section, we show that the discrete model can also be inverted and used to extract an
unknown input signal from a measured output signal. Inverting the discrete model is useful in
biosensing applications when the input signal is not known. For instance, researchers use OECTs
in ECoG arrays and directly measure the current response of the OECT. However, the signal of
interest is actually a voltage perturbation, 4V, caused by a local field potential or a neuron
action potential, and it is not known a priori. Based on the OECT’s current response, one can
infer the input voltage signal and learn about the brain being tested. For instance, given the
current response shown in Figure 1V-6a, one could infer that the input voltage had a lorentzian-
like shape. However, without a quantitative model, one might assume that the voltage signal is
simply given by a proportionality, AV, = a X Al,. Such an assumption does not take into
account the finite response speed of the OECT and results in the naive reconstruction shown in
blue in Figure 1\VV-6b. Clearly a simple inference about the voltage input does not accurately
represent the relative time delay between the input signal and the OECT response. Furthermore,
the finite response speed of the OECT distorts the shape of the input signal. This effect is evident
in Figure 1V-6a, which shows that the current response is asymmetric about the peak of the
spike; whereas, the original signal, shown in Figure IVV-6b is symmetric about the peak. The

naive AV; = a x Al signal reconstruction preserves the asymmetric artifact from the current
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response, but the signal reconstructed with the discrete model reproduces the symmetry of the

original signal, as shown in Figure 1\VV-6b.
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Figure 1\V-6. Measured current response (a) and extracted voltage input for an OECT (b). In
panel (b), the reconstructed signals are calculated without any a priori information about the
input voltage. In panel (b), the black curve is the signal reconstructed with the discrete model,
the blue curve is the signal reconstructed assuming4l, = a x AV, and the red curve is the
measured signal. Although we did not use the measured voltage signal to calculate the
reconstructed signal, we plot it in panel (b) for comparison to the reconstructions.

The reconstructions in Figure 1VV-6b were obtained by using the transfer function,

H(w) = % from the discrete model (where w is the radial frequency). Because this transfer
G

function can be inverted, we have a straightforward method to extract input voltage from a
measured output current. First, calibrate the OECT by measuring the frequency response to
extract the device parameters R, Ccy, and u. Next, use these device parameters to calculate the
OECT transfer function, H(w), given by the discrete model.” Then multiply the Fourier

transform of the measured current by the reciprocal of the transfer function, V;(w) = Ip(w) X

1

@) where I (w) = F(ip(t)). Finally, apply the inverse Fourier transform to obtain the input

voltage, v, (t) = F~ (Vg (w)).

*“The transfer function for the discrete model is given by equation (IX.13) in section A of
Appendix I11.
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Figure IV-7. Block diagram describing the method for using the discrete model to extract an
unknown voltage signal from a measured current response.

E. Conclusion

In this chapter, we showed that when OECTSs are biased at a constant drain voltage of
Vb = Vstep, they respond more than 30 times faster than the speed of the ionic charging circuit.
We demonstrated that these high-speed transistors responded to a step input voltage with a step

output current, settling to within 10% of the steady-state current in only20 ps

. We also developed a simple discrete model that described this high-speed behavior and can be
used to predict the current response following an arbitrary gate input. This simple model uses
only three fit parameters and can be implemented in circuit simulation software or described with

closed-form expressions, so it will be useful for a wide range of OECT applications.
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Additionally, we show that the disorder model from chapter 111 can be used to describe channel
conductivity in the discrete model for transient behavior. Using the disorder model improves the
discrete model’s accuracy and widens the range of input voltages for which it is valid. Overall,
our work reveals that the shape and speed of the OECT transient response depends strongly on
the applied drain bias, and that at the right bias, the current response can reach its steady-state

value almost instantaneously.
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CHAPTER V
FUTURE WORK

Although OECTs are promising for biosensing, neuromorphic, and logic applications,
many important questions about OECT behavior remain unanswered. In this chapter, we discuss
several studies which could improve understanding of OECT behavior and therefore inform the
development of better materials and device design for optimal operation in new and existing
applications. In particular, we discuss the sub-threshold voltage swing in OECTs, OECT-based

implementations of neuromorphic circuits, and the environmental stability of OECTSs.

A. Sub-threshold voltage swing

The voltage swing of a transistor is defined as the change in gate voltage required to
increase the channel current by a factor of ten. Voltage swing, S, is expressed in units of
millivolts/decade of drain current. The value of S'in the sub-threshold bias regime is a key figure
of merit for low-power electronics; when Sis minimal, the transistor can switch ON at a low
voltage and has a very low OFF-state channel current. In MOSFETS, Sis bounded by a
theoretical lower limit of 60 mV/dec at room temperature, 318 put this limit might not apply to
OECTs. If OECTs can operate with S < 60 mV/dec, then they will be able to outperform
conventional transistors in lower-power applications. Therefore, future research should explore
whether OECTs are limited by the 60 mV/dec figure.

Using the model described in chapter 111, we can predict S for a typical OECT. Figure
V-1 shows the sub-threshold swing of a typical OECT assuming different widths of the Gaussian
density of states (DOS) for the polymer semiconductor. We find that regardless of the DOS
width, Sasymptotes to a minimum of 60 mV/dec. Interestingly, this behavior is not expected for
a MOSFET with a narrow DOS. According to K.P. Cheung, a MOSFET with a narrow DOS

could have § < 60 mV/dec.'® Cheung pointed out that the 60 mV/dec limit is only valid for
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materials with a partially filled band described by a monotonically increasing DOS. For materials
with a narrow partially filled band, the DOS may begin to decrease as charge carrier energy
increases. Convolving this decreasing DOS with Fermi-Dirac statistics leads to a faster than
exponential decrease in carrier concentration as a function of energy above the Fermi level. This
leads to an OFF-state diffusion current that decreases faster than 60 mV/dec as a function of gate
voltage.

One might expect the same reasoning to apply to OECTs, but the model described in
chapter 111 does not predict S < 60 mV/dec even when the DOS width, a, is less than the
thermal energy. Furthermore, the lowest experimental sub-threshold swing reported for an OECT
is 60 mV/dec.!® One can understand this behavior by recognizing that the voltage swing is the
ratio of drain current to transconductance as shown below:

AVg

= _ [dlogiotm] ™t _ dolp -1 _ Ip
= Alogio(Ip) [ avg ] - log(lo)ID [dVG = 10g(10) 9 (Vl)

where V;; is the gate voltage, I}, is the drain current, and g,, is the transconductance. Figure V-1

shows how drain current and transconductance depend on gate voltage. For a narrow DOS, the
drain current decreases super-exponentially with gate voltage. However, transconductance also
decreases at a super-exponential rate, as shown in Figure V-1b. Therefore, the ratio of drain
current to transconductance does not necessarily decrease at a super-exponential rate. This
reasoning suggests that OECTSs are subject to a lower limit on S, but future work should put these
ideas on more solid theoretical footing. Future work should also explore what material or device

engineering would make it possible for OECTSs to overcome the 60 mV/dec limit.
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Figure V-1. Conductivity, transconductance, and voltage swing predicted by the disorder model
introduced in chapter I11. The simulation was executed assuming an OECT with length, width,
and thickness of L = 178 um, W = 200 um, and h = 100 nm, respectively. The percolation
fraction used for these calculations was n = 0.01, and the conductivity at a gate voltage of 0 V
was 236 S/cm.

B. OECT-based neuromorphic devices

In the past several years, many examples of OECT-based neuromorphic circuits and
devices have been reported. In these examples, OECTSs are operated so that they mimic the
behavior of biological neurons. For instance, OECTSs can exhibit memory capabilities,’88!
spike-timing-dependent plasticity,’*">7%8 and soft connections between OECTSs sharing a
common electrolyte.®? The primary motivation for developing these neuromorphic circuits is the
hypothesis that brain-like computation can perform certain tasks, such as image classification, as
fast and accurately as conventional VVon-Neumann-based computing systems but require
substantially less power and physical volume than conventional systems.”3184

Yoeri van de Burgt et al. recently reported an OECT-based Electrochemical
Neuromorphic Organic Device (ENODe) as a hardware implementation of a synapse in
neuromorphic circuits.8! This device, described in Figure V-2 has the same structure and
function as an OECT. The only differences between the ENODe and an OECT are that the
ENODe is operated differently and that a reducing agent, poly(ethyleneimine) (PEI), is blended
with PEDOT:PSS in the device channel. This reducing agent counteracts the environmental

oxidation of PEDOT and allows the device to maintain a programmable, non-volatile, open-
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circuit potential even in the presence of water and oxygen. To show the similarity between
ENODes and OECTs and to demonstrate the importance of PEI, we fabricated a PEDOT:PSS-
based ENODe using the exact same device structure and materials as an OECT without PEI.
Figure V-3 shows the operation of this device, which, like an ENODe, displays low-voltage
operation and a large number of stable conductance states. However, unlike PEI-based ENODes,
this device has a state-retention time of ~ 100 s in the open circuit configuration; whereas,

ENODes with PEI can retain an open-circuit conductance state for at least several days.5!
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Figure V-2. ENODe layout (a) and typical pre-synaptic and post-synaptic time series (b). The
inset in panel (b) is an enlarged view of the post-synaptic current between 47 s and 53 s. Data in
(b) are from Van de Burgt et al 8!
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Figure V-3. Presynaptic voltage and postsynaptic current for a PEDOT:PSS-based ENODe (a)-
(d). Panels (c) and (d) are magnified views of the response between 2 and 3 s. Panels (e) and (f)
show the programmable conductance states and open-circuit retention of the same PEDOT:PSS-
based ENODe. All data were collected with a 1 M{2 resistor between the gate input and the
ENODe itself. The reported presynaptic voltages are the voltages across the ENODe itself, after
subtracting the voltage dropped over the input resistor. The ENODe has channel length, width,
and thickness of L = 1280 um; W = 1280 um; h = 200 nm, respectively. The applied drain
voltage is Vpyqin = —10 mV.

Because ENODes operate according to the same principles as OECTs, one can model
them with the same SPICE circuit described in chapter V. Figure V-4 shows the output of a
SPICE simulation representing an ENODe with typical device and material characteristics.
Notice that the ENODe channel can be modeled in exactly the same way as an OECT channel
because environmental oxidation was neglected in the model proposed in chapter IV. However,
the input node of an ENODe requires special consideration. Figure V-4 shows three different
possible input configurations and their output behavior. Figure VV-4a shows an ENODe with a
series resistor between the voltage input and the ENODe itself. This is the input configuration
used by Van de Burgt et al. The input resistor has two principle purposes. First, if its resistance is
much larger than the electrolyte resistance, it transforms a voltage source into a current source at
the input. Secondly, it increases the charging time constant of the ionic circuit between the input
and the ENODe channel. This slows down both the programming and the discharging of the

ENODe channel, thus allowing it to be biased into a metastable conductance state. The
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disadvantage of the input resistor is that a large amount of voltage can be dropped across it. For
instance, in the work of VVan de Burgt et al. an input voltage of 1 V was applied even though only
1.5 mV of this was dropped across the ENODe itself. Also, even though the input resistor slows
the discharge time of the ENODe, it does not eliminate discharge completely. Therefore, only a
metastable state, rather than a truly non-volatile state, can be stored. Figure VV-4b and Figure
V-4c show a current source as the ENODe input and a switch-regulated voltage source at the
input, respectively. These are both possible alternatives to the input resistor. They produce
similar dynamic responses compared to the ENODe with an input resistor, but they allow for
non-volatile conductance states. Additionally, the ENODe with the switch-regulated voltage
source requires a lower applied voltage. Although the current source and the switch-regulated
voltage source represent promising hypothetical inputs for ENODes, further work is necessary to
determine appropriate hardware implementations of these inputs. This work should focus on
optimizing the ENODe input for minimal power consumption, spatial footprint, and drive

voltage while maximizing switching speed and state retention.
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Figure V-4. Circuit diagrams (a)-(c) and input-output characteristics (d)-(f) of SPICE models for
ENODes. The diagrams in (a), (b), and (c) represent ENODes with an input resistor, current
source input, and switch-regulated voltage source input, respectively. The data shown in (d) are
simulation results for the ENODe in (a) with 2 V square pulses at V. The data shown in (e) are
simulation results for the ENODe in (b) with 2 uA square pulses at I;. The data shown in (f) are
simulation results for the ENODe in (c) with 10 mV square voltage pulses at ;. In (d)-(f), the
presynaptic voltage is the voltage at the end of R nearest the input and is equal to the total
voltage dropped across the ENODe itself. For these simulations, we have assumed that the
capacitance at the gate is large enough that it has a negligible effect on the circuit. In (d)-(f), the
channel mobility is 4 = 1 cm?®V~'s~1; the channel capacitance is c* = 80 Fem™>; the pinch-off
voltage is V, = 0.6 V; the gate-channel resistance is R; = 3 k2, the channel length, width, and
thickness are L = 100 um, W = 260 um, h = 500 nm, respectively; and the drain voltage is
Vprain = —100 mV.

In addition to optimizing input devices, future work on ENODe development could focus
on low-power operation. Van de Burgt et al. projected that with current lithography technology
one could make an ENODe that requires only 35 aJ per switching event. However, Van de Burgt
et al.’s smallest actual devices were 1000 pum? and required 10 pJ per switching event.

According to Kuzum et al. the human brain uses about 10 fJ of energy per synaptic event,
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providing a reasonable benchmark for neuromorphic devices.” While scaling arguments suggest
that this benchmark is within reach, future researchers must show that it can be achieved in
practice. Many possible setbacks could limit the scaling of ENODes. For instance, according to
Sessolo et al., decreasing OECT area causes a proportional decrease in the signal-to-noise
ratio.!8 Other possible difficulties include parasitic losses due to channel/electrode overlap and
increased device-to-device variation at the limits of lithographic resolution. Studying and
circumventing these difficulties should be a priority for researchers hoping to use ENODes as
low-power synaptic devices.

ENODe research could also work toward the integration of multiple ENODes into a
larger computation circuit. For instance, Van de Burgt et al. simulated a network of ~23000
ENODes and showed that if each device behaved according to the experimental performance of a
single ENODe, then the circuit could recognize 8 x 8 pixel representations of handwritten digits
with > 90% accuracy. Demonstration of a physical circuit with this scale of integration would
be an enormous challenge and a significant step forward for the field. Another form of
integration would involve only a single ENODe synapse but multiple gate inputs. As noted by
Gkoupidenis et al., such a circuit could perform coincidence detection and recognize spatial
orientation.®218¢ One problem in multi-gate ENODe circuits is cross-talk between gates. One can
predict the degree of cross-talk between gates using the SPICE model shown in Figure V-5,
which has a single ENODe and three gates with switch-regulated voltage sources. This model
can represent the case where the gates and channel all share the same electrolyte, as shown in
Figure VV-5a, or the case where a patterned electrolyte prevents the gates from being directly
connected to each other, as shown in Figure V-5b. In the latter case, the gate cross-talk

resistance, Ry ;_;, is substantially larger than in the shared electrolyte configuration. Figure V-6a
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shows the time domain response of a multi-gate ENODe in the shared electrolyte configuration.
The black line in Figure VV-6a shows the response when only one gate is connected to the
ENODe while the switches are insulating at the other two gate inputs. Similarly, the red line and
the blue line show the response when two and three gates are connected, respectively. Figure
V-6b shows the responses in the case of a patterned electrolyte. From the different responses to
one, two, and three connected gates, one can deduce the linearity of the multi-gate ENODe. For a
perfectly linear response, the change in postsynaptic current would be directly proportional to the
number of active gates. Figure V-6¢ shows that the ENODe with a patterned electrolyte has a
more linear response than the ENODe with a shared electrolyte, but it is still not perfectly linear.

This nonlinearity occurs because even if Ry ;_; is infinite, some current can feed back between
the separate gate electrodes by flowing through the gate-channel resistor, R ;, to the channel,

and then back through another gate-channel resistor, Ry ;.
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Figure V-5. Physical layout (a) and (b) and SPICE circuit (c) representing the ENODe with
multiple gate inputs. Panel (a) shows the layout for an ENODe with a shared electrolyte for all
gates. Panel (b) shows the layout for an ENODe with a patterned electrolyte.
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Figure V-6. Time-domain response of an ENODe to one, two, and three connected gates for a
cross-talk resistance of Ry ;_; = 3 kf2 (a) and Ry ;_; = 30 G2 (b) in the configuration shown in
Figure V-5. The input voltages at each gate are square pulses with a base voltage of 0 V and a
peak voltage of 0.6 V. The duty cycle and period are 50% and 200 us, respectively. For
connected gates, the switches are conductive for V; > 0 and insulating for V; < 0. For
disconnected gates the switches are always insulating. Panel (c) shows the change in drain
current after 4 ms of gate pulses for 0, 1, 2, and 3 active gates. The dashed line shows the ideal
linear response that would occur if n gates had n times the effect of 1 gate. The simulation
parameters are u = 1 cm?V~'s™%; ¢* = 80 Fem™>%; Vp = 0.6 V; R ; = 3k forall i; Cg; =

1 uF for all i; the channel length, width, and thickness are L = 100 um, W = 260 um, h =
500 nm, respectively; and the drain voltage is Vp,qin = —100 mV.

C. OECT stability

Most applications for OECTS require operational stability. However, OECTSs suffer from
many forms of instability, such as current drift under constant bias, current decay during ON-
OFF cycling, unwanted redox peaks in cyclic voltammetry, degradation at elevated temperatures,
and leakage current between the gate and channel. Strategies for overcoming one or more of
these degradation mechanisms have been reported in the literature. For instance, including the
silanated cross-linker 3-glycidoxypropyltrimethoxysilane in the PEDOT:PSS dispersion prevents

swelling-induced delamination of the OECT channel, which is a common cause of degradation
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during ON-OFF cycling.®®*¥" In this section, we will discuss three degradation effects that merit
further study. These effects are the non-zero gate current at steady-state, the environmental
oxidation of PEDOT, and the appearance of new redox peaks when operating OECTSs at elevated
temperatures.

An example of the steady-state gate current in OECTSs is shown in Figure V-7a. This
behavior is widely recognized, and several researchers have even added a parallel leakage path
into OECT models to describe this current.2>!8” The steady-state gate current causes several
problems. For instance, it causes OFF-state power consumption, which could prevent OECTs
from being used in low-power electronics or in ENODe-based neuromorphic applications where
energy consumption is of primary importance. Also, gate-current leakage could cause the gradual
decay of drain current even when gate and drain voltages are fixed. This behavior is shown in
Figure V-7c, and, although it is rarely discussed in the literature, it is noticeable in many reports
of OECT time-domain behavior.26:6667.108.166 A characteristic of this behavior is that the drain
current is not an exponential function of time after a gate voltage step. Rather, it fits better to a
stretched exponential. At short time scales, the drain current seems to follow single-exponential
behavior, as shown in the inset of Figure V-7c, but the drain current continues to decrease long
after the initial exponential fit asymptotes to its steady-state value. One might expect that slow
diffusion of ions in the electrolyte or into the semiconductor causes this gate leakage. However,
this seems unlikely because the leakage persists long after characteristic diffusion times for ion
drift/diffusion in PEDOT:PSS and similar materials.®®1818 Another possible cause of the gate
leakage is a Faradaic reaction occurring at the gate or source/drain electrodes of the OECT. Two
possible Faradaic reactions are the hydrolysis of aqueous electrolytes and the oxidation of

chromium. The latter could occur if chromium, which is often used as an adhesion promoter for
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gold, diffused from the bottom of the gold layer at the source/drain electrodes to the top of the
gold and then oxidized when exposed to the electrolyte.'%* If chromium oxidation causes the gate
leakage current, then using a more stable metal as an adhesion promoter could eliminate the
steady-state current. A study showing whether this strategy works would inform the fabrication
of more stable OECTs, and it would reveal whether cytotoxic heavy-metal ions leak from OECT

electrodes into the cell media during biosensing experiments.
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Figure V-7. Gate current (a) and drain current (c) of OECTSs. Panels (b) and (d) show the
corresponding gate voltages. The OECT in (a) has channel width and length of 1280 um. The
OECT in (b) has channel width of 250 um and length of 100 um. The inset in panel (c) shows an
enlarged view of the drain current for 7 ms after the voltage step. The red line in panel (c) is an
exponential fit to the first 7 ms after the gate voltage step. Notice in (a) that the gate current is at
the noise level of the source-meter-unit when the gate voltage is zero, but the gate current is
almost two orders of magnitude larger when the gate voltage is 0.5 V.

Another cause of PEDOT instability is environmental oxidation. Many reports show that
the presence of oxygen and water causes PEDOT oxidation.81180.190.191 This oxidation may

reduce the ON/OFF ratio of OECTSs due to less effective dedoping (reduction) of PEDOT at
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positive gate voltage,'® and it prevents OECTs from maintaining a fixed conductivity state when
disconnected from the gate circuit. Because of the latter impact on OECT performance, ENODes
must include PEI to offset PEDOT oxidation, as discussed in section A. Unfortunately, the PEI
included in ENODe channels is consumed during device operation and storage. Therefore, PEI
consumption defines an upper bound on the lifetime of ENODes. Research could be undertaken
to determine the theoretical lifetime of an ENODe and how downscaling device size affects the
lifetime. Additionally, developing an encapsulation scheme for ENODes to prevent oxygen from
reaching the PEDOT channel would eliminate the unwanted oxidation of PEDOT and the need
for PEI.

Thermal stability is another matter of grave importance for OECTSs. The effects of
temperature on PEDOT have been thoroughly studied and reported in the literature. One
important result is that PEDOT conductivity can have either a positive or negative correlation
with temperature for lightly-doped or heavily-doped samples, respectively.®> However, at longer
time scales (typically on the order of hours), even lightly-doped PEDOT shows a decrease in
conductivity at elevated temperatures.'®® This behavior is poorly understood,'* and has been
attributed to many different mechanisms, including oxidation of sulfur on the thiophene ring,*%
decrease in polaron concentration,'%1%7 and shrinkage of conducting grains.*®® In most of these
studies, degradation only occurs after many hours at temperatures greater than 140 °C, and many
researchers using thermogravimetric analysis conclude that PEDOT:PSS is stable at temperatures
below 200 °C.1%-20L |n our lab, we have not measured significant temperature-dependent
conductivity decreases, but we have noticed the growth of redox peaks while making cyclic
voltammetry measurements at elevated temperatures, as shown in Figure V-8. The heights of

these redox peaks do not return to their original values after cooling the sample down (Figure



95

V-8Db). This suggests that irreversible electrochemical changes occur in the OECT at
temperatures as low as 50 °C. Future studies should be directed at determining the chemical
species responsible for the redox peaks in Figure V-8 and learning if they are related to

temperature-dependent conductivity degradation in OECTSs.

-1°C — 50°C 50 °C — -3°C
3000 324.4 3000 [ 324.4
319.1 2000 | 318.9
2000 313.9 313.5
< < 1000 .
£ 1000 3086 o 2 3080 o
= =, 3033 0 = ol 3025 o
o - =) 2
= 0 2980 T L 2970 ©
[0] [0]
o 2927 & 3'1000’ 2916 &
w -1000 O = o
3 287.4 + & 2000 | 286.1 F
282.2 280.6
276.9 275.1
(@), ‘ ‘ (b) ‘
-3000 271.6 -4000 269.6
0 0.2 0.4 0.6 0 0.2 0.4 0.6
Gate voltage (V) Gate voltage (V)

Figure V-8. Cyclic voltammograms of the gate circuit in an OECT. In panel (a), the temperature
is increased monotonically from —1 °C to 50 °C. In panel (b), the temperature is decreased
monotonically from 50 °C to —3 °C. The channel length, width, and thickness for this device are
L =200 um, W = 200 um, and h~100 nm, respectively. The drain voltage was Vp,qin =

—10 mV.

In conclusion, OECTSs show great promise in many applications, as discussed in previous
chapters. However, ample research opportunities exist to improve our knowledge of OECT
behavior. Investigating OECT subthreshold swing, operation in ENODes, and device stability
will inform optimization of OECTs for new applications and will improve the reliability of

OECTs in well-established applications.
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APPENDIX I: SUPPORTING MATERIAL FOR CHAPTER 11
A. Chapter Il experimental details

1. Fresnel lens

To fabricate the switchable organic electrochromic device (OECD), ITO-coated 25 mm X
25 mm glass slides (Sigma-Aldrich) with a sheet resistivity of 8 — 12 Q/0 were used as
substrates. The coated slides were cleaned in soap solution, acetone, and isopropanol in a
sonicator (Branson) and subsequently dried by blowing with N2 gas. The electrochromic solution
consisted of PEDOT:PSS (Clevios PH-1000, Heraeus), 5 v/v % glycerol, 0.5 v/iv %
dodecylbenzenesulfonic acid (DBSA, Sigma-Aldrich), and 1 w/w %
(3-glycidyloxypropyltrimethoxysilane (GOPS, Sigma-Aldrich) and was spin-coated onto the
substrate at 1000 rpm for 60 s. The presence of glycerol enhances the conductivity of the
PEDOT:PSS formulation while the DBSA serves as a surfactant.?°2 GOPS enhances the
hydrolytic stability of the formulation and prevents delamination from the underlying
substrate. 137203204 PEDQOT:PSS was also spin-coated onto a blank glass microscope slide as a
control in the absence of the ITO layer to measure the thickness and conductivity of the film.
After spinning on the PEDOT:PSS solution, the device was baked on a hotplate at 120 °C for 20
min to dry the film. A positive photoresist (AZ 4210, Futurrex) was spin-coated onto the
PEDOT:PSS-coated ITO slide and patterned in a Karl Suss MJB3 mask aligner using a
photomask with the pattern for the Fresnel lens. The photoresist was developed according to the
manufacturer’s directions and the patterned device was exposed to a 150 W O plasma for 30 s to
descum the surface. The patterned device was subsequently soaked in a 1:4 solution of
commercial bleach (Clorox™, 8.25% sodium hypochlorite) and water for 5 s and then rinsed in

deionized water. This soak chemically over-oxidizes the PEDOT:PSS and turns the exposed
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regions into a non-conductive, transparent, and electrochemically inactive film.2%® The
photoresist was removed with acetone and methanol and dried by blowing with N> gas.

The final device was assembled as a sandwiched structure composed of a gel electrolyte
between the PEDOT:PSS/ ITO/glass slide and a blank 1TO/glass slide, as shown in Figure 11-3 of
chapter I1. Copper tape with conductive adhesive (3M™ Copper Foil Shielding Tape) was
wrapped around both the patterned and blank ITO-coated glass slide to make electrical contacts.
The gel electrolyte solution was formulated using 40 w/w % of poly(sodium 4-styrenesulfonate)
(Na:PSS, Sigma-Aldrich) with an average molecular weight of 70,000 Da, 10 w/w % D-sorbitol,
10 w/w % glycerol, and 40 w/w % deionized water.?% This vicious formulation was then
sandwiched between the patterned PEDOT:PSS/ITO/glass slide and the blank ITO/glass slide
with the ITO side facing the electrolyte. A rubber shim with a thickness of 1/32 in. was used as a
spacer for the electrolyte. The slides were clipped together, and the sandwiched device was then
left to dry overnight. Finally, wires were soldered onto the copper tape electrical contacts on the

back of the slide for testing.

Device characterization

The thickness and conductivity of the PEDOT:PSS film on the control glass slide were
measured using a Dektak profilometer and four-point probe, respectively. The spin-coated

PEDOT:PSS film thickness was measured to be 230 nm with a conductivity of 345 S/cm.

The diffraction efficiency (DE) of the OECDs was measured using the optical setup
described in Figure VII-1. The DE is defined as the ratio of the optical power in the first-order
diffracted spot in the ‘on’ or ‘off” state to the power of the total transmission through the device

in the fully oxidized state at -1 V. Referencing the measurement to the fully oxidized state
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accounts for the optical losses in the electrolyte and at the glass interfaces in order to better

estimate the intrinsic OECD DE.

Power Meter
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Figure V1I-1. Experimental setup for measuring the diffraction efficiency, focal length, and spot
size of the Fresnel zone plate lenses. The laser beam is expanded (lenses L1 and L>) to fill the
back aperture of each FZP and the focused light is recorded by an adjustable rail-mounted
CMOS camera.

2. lon transport measurements

Approximately100 nm thick gold electrodes were evaporated onto glass substrates with
an ~ 5 nm chromium adhesion layer and patterned via standard photolithograpic liftoff using
Shipley 1813 resist. After patterning the gold, two layers of 2 um thick parylene C (PaC) was
evaporated onto the sample. A silane adhesion agent was included in the evaporation chamber
during the first PaC evaporation. 2% micro-90 in water was spun onto the sample as an anti-
adhesion layer after the first PaC layer and before the second layer. Both layers of PaC were
patterned via reactive ion etching with oxygen plasma and CHF3 process gases and an etch mask
of AZ 9260 photoresist. After etching the PaC, a PEDOT:PSS solution (94 wt% Clevios PH-
1000, 5 wt% ethylene glycol, 1 wt% 3-glycidoxypropyltrimethoxysilane, and 0.1 wt%
dodecylbenzenesulfonic acid) was spun-cast onto the sample. Two layers of PEDOT:PSS were

cast. The first was cast at 3000 rpm for 60 s, and the second layer was cast at 1000 rpm for 60
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s. The PEDOT:PSS was baked at 70 °C for 90 s after the first layer and after the second layer.
Then, the PEDOT:PSS was patterned by peeling off the sacrificial PaC layer.2%” Then the
PEDOT:PSS was baked at 125 °C for 75 minutes. The sample was then rinsed with acetone and
2-propanol. Then it was baked at 95 °C for 10 minutes. Next, SU-8 - 10 was patterned on top of
the sample to act as an ion barrier. The SU-8 was deposited on the sample and spun on with a
three step program as follows: Step 1) 300 rpm, 133 rpm/s, 10 s. Step 2) 3000 rpm, 266 rpm/s,
10 s; Step 3) 3000 rpm, 10000 rpm/s, 60 s. The SU-8 was baked for 2 minutes at 65 °C, then 5
minutes at 95 °C. It was exposed with a mercury-lamp mask aligner. Then the sample was
baked for 2 minutes at 65 °C then 5 minutes at 95 °C. The sample was then developed in neat
SU-8 developer for 30 s, immediately rinsed in 2-propanol for 30 s, and immediately rinsed in
deionized water for 30 s. Finally, the device was annealed for 3 minutes at 60 °C, then 3 minutes
at 90 °C, and then 10 minutes at 120 °C.

For optical characterization, we used a Motic SMZ 171 stereomicroscope with a Point
Grey Grasshopper USB3 CMOS detector and a 54 LED ring illuminator with a color
temperature of 5800 K (Omax part number A9254P). We used the Point Grey FlyCap2 software
for image acquisition and captured frames with a bit depth of 8 at a frame rate of 100 frames per
second. However, some frames were dropped, as can be noticed upon examination of Figure
I1-6e.

For the voltage measurements, we used our own software in Test Script Builder and
Python 3 to synchronize a Keithley 2636A source-meter-unit and an Agilent B2962a source-
meter-unit. VVoltage was sourced at the Ag/AgCI counter electrode, and voltage was measured at
the voltage probe electrodes by using a source-meter-unit channel to source zero current while

measuring voltage. Not all voltage probes could be measured simultaneously because we didn’t



116

have enough source-meter-unit channels. Therefore, three probes were measured at a time for
three different sets of measurements to get all seven probes included. The center probe (at a
distance of from the electrolyte) was measured in each measurement set. All of the data for the
center probe line up on each other and are plotted in Figure I1-6d, demonstrating the

reproducibility of our measurements.

3. Simultaneous electrical and optical measurements of OECTs

Fabrication of transistors with gel electrolyte

Chromium/gold electrodes (5 nm/100 nm) were evaporated onto clean glass substrates
and patterned using standard photolithographic liftoff. The channel length is , and the channel
width is . Next, an nm film of a PEDOT:PSS solution (89.66 wt % of Clevios PH-500, 6.87 wt
% of ethylene glycol, 3.13 wt % of water, and 0.35 wt % of Zonyl FS-300 fluorosurfactant) was
spun-cast onto the chip. The PEDOT:PSS was patterned into transistor channels by scratching
the film with a radius tungsten tip controlled with a motorized micropositioning system. After
pattering the PEDOT:PSS, an electrolyte gel (94.5 wt % water, 3.5 wt % glycerol, and 2.0 wt %
sodium-PSS (Alfa Aesar, MW = 70 000)) was drop-cast over the entire chip and allowed to dry
for ~20 hours in ambient conditions.
Fabrication of transistors with liquid electrolyte

The transistors with liquid electrolyte were fabricated according to the parylene lift-off
procedure outlined in Rivnay et al.®* The PEDOT:PSS dispersion was spun at 3000 rpm for 30s.
Electrical characterization of transistors with gel electrolyte

The current-voltage measurements were made using a Keithley 2636 A SMU with

custom-written control code. Although the response time of the device is ~30 ms (see
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Supporting Information), the current was allowed to settle for 6 s before it was recorded after
each gate voltage step. This guarantees that the response reaches a steady state and that the gate
current is at least 3 orders of magnitude less than the drain current (see Figure VI1-12 and Figure
VI11-13). Between gate voltage steps, all electrodes were allowed to float for 3 minutes. Note that
the gel electrolyte is rather transparent, and its optical absorption is not affected by an applied
voltage.?®
Electrial characterization of transistors with liquid electrolyte

The transistors with liquid electrolyte were characterized with 100 mM NaCl contained
in a PDMS well. A Ag/AgCI pellet (2 mm diameter 2 mm height) was used as the gate
electrode. Because the liquid-electrolyte devices are much faster than the gel-electrolyte
transistors (see Figure VII-12 and Figure V1I-14), the voltages are scanned at a rate of about 40
ms per step. The other details of the characterization are the same as in Rivnay et al.®
Optical characterization

The optical measurements were only performed on the devices with the gel electrolyte,
and they were made at the same time as the electrical measurements. The optical measurements
were recorded with a monochrome, global shutter, CMOS camera (Point Grey G3-U3-23S6M)
operated in 8-bit mode. The images were captured through a 10 X/0.25 NA objective using
transillumination supplied by a white LED with a spectral cut-off near 650 nm (ThorLabs
MCWHLZ2). The reported absorption increases are pixel intensities at each combination
subtracted from the intensities when all electrodes are floating, and no pixels were ever saturated
at 0 or 255. Due to interference ringing and shading effects near the electrodes, we do not record
the optical response within of the electrode edges. Additionally, two regions are cropped out of

the images due to bubbles and wrinkles in the electrolyte (see Figure VII-3).
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B. Supplementary details about chapter 11

1. Optical measurements
Characterization of the absorption

As stated in section 1-3, the optical measurements were recorded with a monochrome
CMOS sensor, and absorption increases were measured between the low conductivity state and
the state with all electrodes floating. The absorption increases reported in chapter Il section D are
equal to the difference in pixel intensity from one frame to a later frame. Because the camera was
operated in its 8-bit mode, the maximum possible intensity difference for a pixel from one frame
to a later frame is 255. In the channel, the maximum pixel value during any test was 177, and
the minimum pixel value during any test was 133. Therefore none of the pixels were ever

saturated on either the dark end or bright end of the range.

Image processing

To reduce measurement noise, we used both spatial and temporal averaging. For a given
frame (that is, a given moment in time), the absorption difference at a distance x from the source
was obtained by averaging the intensity differences of all of the pixels in the sensor column
imaging a distance x from the source. Additionally, we averaged all of the column averages over
a span of 101 frames, or about 2 s. The averaging scheme is described in Figure V1I-2. Note that
although one edge of the channel is closer to the gate than the opposite edge, averaging across
the channel is justified because there is very little variation in color in the direction perpendicular
to the channel, as shown in Figure VII-2c. The lack of variation in this perpendicular direction is
because the electrolyte is conductive enough that the whole electrolyte gel is at an equipotential.

The field lines in the electrolyte are normal to the electrolyte/channel interface. Evidence for this



119
can be found by noting that in planar OECTs, changing the distance between the gate and
channel has no effect on the device behavior.*!
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Figure VI1I-2. (a) Image of the OECT channel showing a slice across the channel. The red box
indicates the pixels that are averaged to give an intensity value a distance x away from the source
electrode. (Note the box is made wider than one pixel column so that it is easier to visualize.
Actual spatial averaging was performed over single pixel columns.) (b) The average intensity
over each frame is plotted as a function of time. The first step is the floating electrode state; the
second step is the high conductivity state (V; = 0 V); and the third step is the low conductivity
state (V; > 0 V). Again, the red boxes indicate which frames are averaged together for our
temporal averaging. (c) Measured absorption increase profile in the direction perpendicular to
the channel.

In addition to averaging, we also cropped two defective regions out of the images before
doing further image analysis. The cropped regions are shown in Figure V11-3. Although

significant portions of the image are cropped out, this does not affect the primary results of our



120

study. The primary results obtained from the uncropped images are shown in Figure V1I-4. We
only cropped these images because otherwise noticeable bumps appear in individual intensity

profiles, as shown in Figure V1I-3b.
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Figure V1I-3. (a) OECT channel with the perimeters of the cropped regions shown in red. (b)
Absorption profile for the uncropped image with V; = 400 mV and V, = —50 mV. We note that
there are the significant bumps at ~150 um.
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Figure V1I-4 Measured absorption increase vs. predicted hole concentration. (a) and (b) are
obtained using the cropped images. (c) and (d) are obtained using the uncropped images. In (a)
and (c), the hole concentration is predicted by using the Bernards-Malliaras model. In (b) and
(d), the hole concentration is predicted using the power law dependence of mobility on hole

Eo 4
concentration, u(p) = po X [pﬂ]” .
0

Finally, in Figure V1I-5, we provide raw images of the OECT channel both in the floating
electrode and the low conductivity state. Although no cropping or averaging has been applied to
these figures, it is clear that the channel is darker in the low conductivity state. Furthermore, one
can discern that the channel is darker near the drain electrode on the left side of the image than it
is near the source electrode on the right side of the image. These images (and others) are

available in portable graymap format upon request from the author.
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(a) (b)
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Figure VI1I-5. Raw images of the OECT channel during the floating electrode state (a) and the
low conductivity state with a drain voltage of -200 mV and a gate voltage of 400 mV (b). In (b),
the drain voltage is applied at the left electrode while the electrode on the right is grounded.

2. Modifications to the Bernards-Malliaras model
Channel length modulation

To correct for channel length modulation (CLM), we use the same correction typically
used for long-channel field-effect transistors.?°® We assume that when V,, < V; — Vp, the channel

current takes the form below:

IDsat = IDsatO X [1 + A[VDsat - VD]]' fOI’ |VD| > |VDsat| (V”-l)
where
-GV V62
Ipsaro = 52 (1 - 1) (VI1.2)

is the saturation current in the absence of CLM, and V., = V; — Vp is the drain voltage at the
onset of the saturation regime. Once we have extracted G and V, from the 1-V curves for a single
assumed value of A, the CLM parameter, we can use the Bernards-Malliaras model to predict the
hole concentration along the channel. To do this, we assume that the most negative voltage along
the channel is pinned at Vj,,; but moves toward the source electrode, effectively shortening the
channel 2% The amount the channel is shortened is given by the ratio Ipgg¢/Ipsaro as described in

equation (VI11.3).

IDsat __ _ __L
50 = 1 4 AVpsar — Vol = 1757 (VIL.3)
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where L is the physical channel length and L — AL is the effective channel length due to CLM.
The results for four different values of A are shown in Figure VII-6. It is clear that as A is
increased above A = 0.45, the CLM model overcorrects for the lack of a one-to-one fit. This
trend is further supported in Figure V11-7, where we plot the spread in predicted hole density

ratios as a function of A at measured absorption increases of 6, 8, and 10 counts.
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Figure V11-6 Measured absorption increase versus the hole concentration predicted by the CLM
model with different values of the CLM parameter A.
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Figure V1I-7. This figure shows the range of predicted hole ratio values at a given absorption
increase as a function of the CLM parameter, A. This figure is constructed by drawing a
horizontal line across one of the images in Figure VI1-6. The horizontal distance between the
rightmost curve the horizontal line crosses and the leftmost curve that it crosses is 4p/p,. When
the model prediction yields a one-to-one relationship between hole concentration and absorption,

Ap/po = 0.

Contact resistance

To correct for a possible contact resistance between the gold source and drain electrodes
and the PEDOT:PSS channel, we assumed that the contact resistance at both the source and the
drain was equal to R.. Then, for a negative applied drain voltage and a negative drain current,
the voltage at the edge of the source electrode will be V(x = 0) = IR, and the voltage at the
edge of the drain electrode will be V(x = L) = V, — IR.. Keeping all other assumptions the
same as in the Bernards-Malliaras model, the current-voltage relationship for the contact
resistance model can be found analytically using the same strategy.

_ _ Ve=V(x) d_V
] = qupo [1 . ]dx

(VIL.4)

Ve—[Vp—IRc] w(@)
JL = f qupo [V— - 1] du

Vg—IRc P
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where u(x) = V; — V(x). This integration gives:

_ Gv3—-2vgVp+2vpVp|
T 2Vp+4VpRcG+GRc[2Vp—4Vi]

(VIL.5)

for the linear regime. The applied drain voltage at which saturation occurs is given by finding the

minimum of this term. Doing so, we find

2RCGVG—Vp[1+2RCG]+JVﬁ—2RCGVP[VG—VP]

VD,sat =

(VI1.6)
RcG
As we did with the CLM model and the power law mobility model, once we find the current for

a given set of gate and drain voltages, we can integrate from x" = 0 to x’ = x rather than x’ =
0 to x" = L in order to find the voltage along the channel as a function of position. Doing so, we
obtain a quadratic expression for u. After solving for u, we can obtain the hole concentration as a
function of position by inserting u into equation (11.3).

The result of varying the contact resistance on the spread of predicted hole concentrations
for a fixed absorption increase is shown in Figure VII-8. This shows that even if we allow the
contact resistance to reach the same order of magnitude as the channel resistance, the best results

are obtained for the zero contact resistance case.
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Figure V1I-8. This figure shows the range of predicted hole ratio values at a given absorption
increase as a function of the contact resistance.

Voltage-dependent capacitance

It has been shown that electric double layer capacitors can have capacitances that
increase with voltage.?!%2!! One possible form for such a dependence is ¢ = ¢, + kV.?!! The
ionic capacitance may take a similar form in an OECT, where Vs the voltage between the gate

and the channel. Making this assumption, one obtains

p(x) = po 1 = 52— k[u(x)]?| (VIL7)

T
where 1, = 24

and k = )
Co poqT

Using the same strategy to find the current-voltage relationship predicted by this model

and the hole concentration as a function of distance, we obtain

(VIL.8)

_ | vevp)? | kwe-v® | Ve kVE
I_G“ 2Vp + 3 Ve VD]] [2Vp+ 3 VG]

and

gy, Ve & _ g (VIL.9)
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Equation (V11.9) is a cubic equation that can be solved analytically for u. The result can be
substituted into Equation (V11.7) to obtain the hole concentration as a function of position along
the channel. From the results shown in Figure V11-9, we can see that a voltage-dependent
capacitance cannot improve the spread of predicted hole concentration ratios even as k is

allowed to increase above c,.

014
+ Absorption increase = b
Absaorption increase = 8
0.12) +  Abhsorption increase = 10

0.04 . . -

0 0.5 1.8 P

1
kje;
Figure V1I-9. This figure shows the range of predicted hole ratio values at a given absorption

increase as a function of the ratio of the voltage dependent capacitance coefficient, %, to the
constant capacitance coefficient, c,.

Power law dependence of mobility on hole concentration
The details of this model are provided in the body of the paper. In Figure VI1I-10 we show
the effects of varying the disorder parameter so that this model can be compared to the ones

described above.
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Figure V1I-10. This figure shows the range of predicted hole ratio values at a given absorption
increase as a function of disorder parameter E, /kT.
Exponential dependence of mobility on hole concentration

The final model we tested had no physical basis, but we wanted to test whether the

power-law dependence of mobility on hole concentration was better than other possible

relationships. For this model, we assumed that the mobility is given by

b
W= poexp (p—f)
The current-voltage relationship for this model is

(VI1.10)

_onlop-te)e

bV6+Vp[l—b]+eXp(b‘y—PD)[b[VD—V(;+Vp]—Vp]
and the hole concentration must be solved for numerically.

b2

: (VI1.11)
As shown in Figure VI1I-11, this model is an improvement over the Bernards-Malliaras

model, and is comparable to the model using a power law dependence of mobility on hole
concentration, as indicated by the similar shapes and magnitudes of the curves in Figure V1I-10

and Figure VII-11. In fact at an absorption difference of 10, the exponential model is slightly

128
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better. Therefore, we cannot say which of these two models fits the data better. However, we

prefer the power law dependence because of its physical basis (and ability to be solved

analytically).
0.1
+ Absorptionincrease = B
Absorption increase = B
0.08f o Abhsorptionincrease = 10
006}
Qn:l
=1
< 0.04
002
|:| 1 1 1 1
0 0.4 1 148 2

Figure VII-11. This figure shows the range of predicted hole ratio values at a given absorption
increase as a function of the unitless parameter, b, appearing in the exponential dependence of
mobility on hole concentration.

3. Transient electrical response

The transient electrical response of a typical gel-electrolyte OECT is shown in Figure
VI11-12. A single exponential is fit to the “elbow” region of this curve between 0 s and 0.5 s,
yielding a time constant of 28.5 ms. We note however, that the curve displays a slowly decaying
tail that extends for the full 7.5 s of measurement. We are not sure what causes this slow decay,
but many other devices in the literature show a similar response.2%:65-67.108.166 Some authors
speculate that the slow decay following a fast turn-on is due to “rearrangement of conjugated

polymer chains” or “bias stress/trap filling”.2®® The gate current is shown in Figure V11-13,
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where it is clear that, except for a brief spike at the initial voltage step, the gate current is 3

orders of magnitude smaller than the drain current.
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Figure V1I-12. Typical transient electrical response of an OECT after the application of a
positive gate voltage. This response is obtained with a drain voltage of -50 mV and a gate
voltage stepped from 0 V to 400 mV. The inset shows the “elbow” region of the curve where the
data (black points) were fit to a single exponential (red line).
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Figure V1I-13. Typical transient electrical response of a gel-electrolyte OECT after the
application of a positive gate voltage. This response is obtained with a drain voltage of -50 mV
and a gate voltage stepped from 0 V to 400 mV.

The transient electrical response of a typical liquid-electrolyte OECT is shown in Figure
VI1-14. After fitting to a single exponential, we find the time constant of this device is
approximately 79 ps. Notice that the liquid electrolyte OECTs are much faster than the gel-

electrolyte devices.
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Figure VI1I-14. Typical transient electrical response of a liquid-electrolyte OECT after the
application of a positive gate voltage. This response is obtained with a drain voltage of -100 mV

and a gate voltage of 100 mV. The data (black points) are fitted to a single exponential (red
line).

4. Calculation of expected transconductance

Differentiating equation (I1.6) and (I1.7) with respect to V; at constant V}, yields

Eqg Eo
Vp=VG\kT _ (VD=Vp,sat)kT
N R S
— (9Ip
_(m _ . (VIL.12
(aVG)VD Eo ( )
Cx (%)w' for Vp < Vp sar

In the saturation regime, gis independent of V. However, in the linear regime, we can see that g

depends monotonically on V. To see this, take the derivative of Equation (V11.12).
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(VI1.13)

As long as V, > Vp ¢q¢ and Vp > 0, this derivative is negative, meaning that as Vj, is made less

negative, gdecreases.

Figure V1I-15 shows a linear fit to the measured absorption increase as a function of the

calculated hole concentration.
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Figure V1I-15. This figure shows a linear fit to the data displayed in Figure 11-9. The linear fit
yieldsy = a X [1 — pﬂ] + b, where y is the optical absorption, and p/p, is the ratio of the hole
0

concentration to the zero-field hole concentration. The extracted parameters are a= 17.6 and b=

-1.87, both in arbitrary units.
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APPENDIX II: SUPPORTING MATERIAL FOR CHAPTER 111
A. Derivation of the disorder model

The disorder model proposed in chapter 111 is based on the percolation theory of
Ambegaokar, Halperin, and Langer (AHL).1** The primary theorist behind the model described
below was David Dunlap, but I also helped develop the theory and test the model. Below we
give an explanation of our implementation of this theory.

The AHL theory considers the connections between hopping sites to be conductances.
The conductance between two sites with energy &; and ¢; is given by

9ij =1 —nyly;.
where g; ; is the conductance between sites i and j, n; is the occupation number for site i, and
Y. Is the transition rate for hopping from site i to site j. As discussed in AHL, detailed balance
ensures that g; ; = g;;. By combining equations 3.2, 3.3, and 3.6 from AHL, one obtains the
following expression for conductance between sites i
and j

ZQmaxeXp(_%mej’_ei’D
cosh(%[s’[sjr—sir])+cosh(%ﬁ[ejr+el-r])'

g(&' &) = (VI11.1)

For simplicity we have assumed the Miller-Abrahams form of detailed balance;*> uphill hops
are thermally activated, while downbhill hops are independent of the site energies. We have
assumed that all carriers are sufficiently localized and/or temperature is sufficiently high that
variable range hopping beyond nearest neighbor sites is negligible compared to nearest-neighbor
hopping. We have defined § = 1/(kT) with k = the Boltzmann constant and T = the
temperature. We have introduced the primed notation so thate’ = € — u is the difference
between the site energy and the Fermi level, u. The factor gp,.x IS the maximum possible

conductance between two sites. Two sites will be connected with conductance g, if both site
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energies are at the Fermi level. Notice that in the limit of smallkT, equation (VI11.1) in the
present work reduces to equation 3.7 from AHL except for the dimensions of the prefactor,
which is gax for conductance here and y,, for hopping rate in AHL 3.7. The spatial dependence
in AHL equation 3.7 does not occur in our equation (V111.1) because we only consider nearest-
neighbor hopping in a uniform lattice. Finally, we note that the expression for non-equilibrium
conductance between sites in AHL (equation AHL 4.4) is proportional to the hopping rate in
AHL 3.7; therefore, our equation (V111.1) agrees with the conductance expression in AHL.
Continuing toward the calculation of sample conductivity, let us introduce dimensionless

energies x and y:

1 ! !
x = 1Bley +&;']

1
y =2Ble) — &l
so that we can rewrite equation (V111.1) as follows:

cosh(y)+cosh(x) (Vl I |2)

gx,y) =
Now, the argument from AHL is that the lowest conductances do not participate in forming a
percolating network. One just needs to consider all of the conductances between the maximum,

Imax, and some minimum, gpin. Setting g(x, ¥) = gmin, and using equation (V111.2) yields

Imin __ 2exp(—|yl) —
Imax N cosh(y)+cosh(x) ~ r (V|”3)

for some values of x and y, where we have defined r to be the ratio of the minimum conductance
in the percolation cluster to the maximum possible conductance.
Using (V111.3), we can define a value y,,.x such that if y > y,,..., then g(x, y) will be

less than gpin. This definition is given below:
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r= 2exp(—|Ymax|) (V”|4)

cosh(Ymax)+1

Next, we define a relationship x,.x(y) such that if —x,.x(¥) < x < xpax(¥) and y < Yiax,

theng (x, y) will be greater than g.,;n. This relationship is defined below.

2exp(1yD) (VII1.5)

~ cosh(y)+cosh(¥max)
Then we integrate over all possible connections between hopping sites (the density of states at
energy & multiplied by the density of states at ¢; for all i and j) to get the fraction 7 of possible
connections that must have g > gn,in in order form a connected percolation cluster spanning the

system. We have

Ymax J‘xmax(ﬁ)/)

n = 2(kT)? [ o dy C oy LTl + Y1+ wpGT[x =yl +1)  (VIILG)

where ymax 1S given by (VII1.4), and x,,.«(v) is given by (VI11.5). These values for the limits of
integration are chosen so that we integrate over all bonds with conductance greater than g,,,;,, but
do not integrate over any bonds with conductance less than gp;,. The prefactor 2(kT)? comes
from the Jacobian for converting the integral over energy to an integral over x and y. The density
of states (DOS), p, is normalized with respect to the volume such that when integrating over all
energies, the result is 1. In our implementation, we chose to model the DOS as a single Gaussian.
Although this choice of DOS function is simpler than that expected in doped semiconductors,>?
we chose to use a Gaussian because it only introduces two free parameters to the model, and it is
justified in materials with electronic coupling between charge carriers and randomly aligned — or

partially correlated — dipoles.?*? Therefore, the volume-normalized DOS for our model is

1 [E-Eo)?
p(E) - v2o2m €xp (_ Za; )
where ¢ is the width of the DOS, E is the energy of an electron in the DOS, and E|, is the energy

of the center of the DOS peak with respect to Ag/AgCI.
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To solve for sample conductivity, we input material parametersa, E,, and n, then
numerically solve equation (VI11.6) for y,,.x. Once we have y,,.x, We can find the minimum
conductance in our percolation network according to the following equation, which comes from

equation (VI111.4).

2exp(—|Ymax|)
cosh(ymax)+1

Imin = Ymax
We can understand the conductance g, as representing the maximum resistance hop along the
minimum resistance path through our network. Therefore, according to the arguments from AHL
about percolation transport, gn,in Will characterize the macroscopic conductivity of the sample.
The sample conductivity will be proportional to g,,;, Where the proportionality constant is
determined by sample geometry.#* In agreement with previous work, we implement this
conductivity model for OECTSs by assuming that the Fermi-level of electrons in the
semiconductor is given byu = qV;, where u is the Fermi-level in the film with respect to
Ag/AgCl, q is the elementary charge, and V; is the gate voltage.?12? Therefore, changing the
gate voltage shifts the Fermi-level of the semiconductor in the OECT channel. In OECTs, Fermi-
level shifts are manifested by the introduction or removal of ionic dopants. In p-type depletion-
mode OECTSs, positive gate voltages force cations into the semiconductor channel where they
compensate native dopants and cause a decrease in conductivity. In p-type accumulation-mode
OECTs, negative gate voltages force anions into the semiconductor channel where they provide a
counter charge for holes on the polymer backbone, thus causing an increase in conductivity. The
model presented here takes into account the effect these dopants have on the Fermi-level (and

thus carrier concentration) in the semiconductor channel. However, this model neglects

secondary effects of the dopants, such as coulombic and steric interactions between charge
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carriers and dopants. These secondary effects can often be accounted for by assuming an

appropriately modified DOS.°1:152
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Figure VIII-1. Disorder model for OECTs. (a) Conductivity, total hole concentration, and
effective mobility (defined as conductivity divided by total hole concentration) for a disordered
semiconductor according to the disorder model. The horizontal axis is the Fermi level of
electrons minus the energy at the peak of the DOS. All curves in (a) are normalized so that their
global maximum is 1.In (a), the DOS standard deviation is 100 meV and the percolation fraction
is 0.01. (b) Effect of changing percolation fraction on the conductivity vs. Fermi-level
relationship. The standard deviation of the DOS is 100 meV for all curves in (b). (c) Effect of
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changing DOS variance on the conductivity vs. Fermi-level relationship. The percolation fraction
is 0.01 for all curves in (c). In (b) and (c), all curves are normalized to the global maximum of
the conductivity when the DOS standard deviation is 100 meV and the percolation fraction is
0.01. (d-g) Dependence of transconductance curves on DOS standard deviation and percolation
fraction. In (d) and (f), all curves are normalized to the maximum transconductance of the curve
for which the DOS standard deviation is 100 meV and the percolation fraction is 0.01. In (e) and
(9), all curves are normalized to their global maximum value. The colorbar shown next to (e)
applies to figures (d) and (e). The colorbar next to (g) applies to both (f) and (g). The percolation
fraction is 0.01 in figures (d) and (e), and the DOS standard deviation is 100 meV in (f) and (g).

B. Contact resistance measurements.

To calculate the contact resistance in our transistors, we start by finding how much
voltage is dropped at the source contact. The source voltage is calculated by extrapolating the
voltage profile between the two probes closest to the source, according to equation (VI1I1.7)

below.

=2 xo—x, ]+ Wy (V111.7)

X2L~X1R

VSource

where Vs,..rce 1S the extrapolated source voltage; V; is the voltage measured at the probe nearest
the source electrode; V, is the voltage measured at the probe adjacent to the first probe; x¢ = 0 is
the position of the source electrode; x;; is the position of the left edge of the first voltage probe
(assuming the source electrode is to the left); x;z is the position of the right edge of the first
voltage probe; and x,; is the position of the left edge of the second voltage probe. See Figure
VI11-2 and Figure VI1II-3.

The contact resistance at the source electrode is the difference between the applied and

actual source voltages divided by the channel current.

VSource,applied —Vsource
Rsource = (V111.8)

Ichannel

where Rgoyrce IS the contact resistance at the source electrode; Vsoyyce, appiiea 1S the voltage applied

to the source electrode; and I, 4nner 1S the channel current in the transistor.
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Because we use a common source configuration for our measurements, Vsoyrce appiiea = 0 and we

have

Vsource

(VIILY)

Rsource = | I
Channel

The uncertainty in the extrapolated source voltage is given by

SVsource = J[ =0 le]z [[ il ]2 + [ o ]2 + [S_x]z] + [6V]? (VI11.10)

X2L—X1R 2l %1 X2L—X1R X1L

where §Vsquce 1S the uncertainty in the extrapolated source voltage; 8V is the experimental
uncertainty in measured voltage; and dx is the experimental uncertainty in the position of the
edge of the voltage probes. Once we have the uncertainty in the source voltage, we find the

uncertainty in the extracted contact resistance according to equation (VI1I1.11).

2 2
OR = (‘WSource) + (Vsource SIChannel) (VI.11)

Ichannel Ig'hannel
where &1-nanner 1S the uncertainty in the measured channel current and is defined as & 1cnanner =

1 . . .
> (max(Icnanner) — min(Ichannet)) where the channel current was measured five times. The

measurements near the source electrode are shown in Figure VI11-2 and Figure VI11I-3.
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Figure VII1-2. Measured voltage in the channel of a PEDOT:PSS-based OECT. The probes have
a width of ~5 um. Because we assumed that the voltage is constant across each probe, there are
horizontal sections in each graph corresponding to the width of each probe.
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Figure VI1I11-3. Measured voltage near the source of a PEDOT:PSS-based OECT. The red line
shows the extrapolation of the measured data to the source electrode. The offset between the
extrapolated source voltage and 0 V is voltage drop due to contact resistance. As in Figure
VI11-2, we assume that each voltage probe enforces an equipotential region across its width.
Therefore, the voltage profile is horizontal on top of each voltage probe.

The contact resistance can be calculated at the drain contact in the same manner;
however, it is not possible to separate the effects of channel depletion and actual contact
resistance. Therefore, our method of calculating contact resistance will overestimate the contact
resistance because of the curvature of the voltage profile with respect to position in the channel.
This effect will be more pronounced at the drain electrode than at the source electrode (because
the curvature is stronger at the drain) and will be more pronounced at higher drain voltages.
Figure VII1I-4 shows the estimated contact resistance at the drain electrode. According to the
explanation above, the contact resistances shown in Figure VI11-4 are conservative upper bounds

on the actual contact resistances.
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Figure VI1I1-4. Normalized contact resistance at the drain electrode for (a) a PEDOT:PSS-based
OECT and (b) a p(g2T-TT)-based OECT. Note that these curves are known to be overestimates
of the contact resistance at the drain electrode.

C. Experimental details:

1. Fabrication

OECTSs were fabricated on glass substrates as previously reported.?*3 Briefly, Cr/Au was
photolithographically defined via a liftoff process, followed by deposition of 2 layers of parylene
C (PaC) separated by micro-90 antiadhesive (2% in water). The openings of the OECT channels
were defined photolithographically using a thick photoresist (AZ9260), and etched before
spinning on the active OECT polymer channel material. A subset of devices, including those
prepared with voltage probes for 4-wire measurements, were prepared in a similar method but
employed a 2 um layer of silicon oxynitride as the insulation layer, and used a MoCr hard etch
mask rather than a thick photoresist. In this case, after metal deposition and patterning, silicon
oxynitride was deposited, and photolithographically patterned to open the channel region. Micro-
90 was spun on as above, and the sacrificial layer of PaC was deposited. MoCr was deposited
and patterned photolithographically before oxygen plasma to etch the sacrificial PaC opening.

After etching, the semiconductor was spun-cast onto the sample. For PEDOT:PSS, the
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semiconductor solution was 94 wt% Clevios PH-1000, 5 wt% ethylene glycol, 1 wt% 3-
glycidoxypropyltrimethoxysilane, and 0.1 wt% dodecylbenzenesulfonic acid. The PEDOT:PSS
solution was spun at 3000 rpm, 1500 rpm/s, and 60 s. It was then baked for 70 s at 110 ©C.
After this initial bake step, the second layer of PaC was peeled off of the sample, patterning the
PEDOT:PSS channels according to the process in DeFranco et al.?!* After peel-off, the sample
was baked for 70 minutes at 140 °C and then soaked in deionized water for 13 hours. The
p(g2T-TT) solution was 0.12 wt% of p(g2T-TT) dissolved in chloroform. It was spun at 1500
rpm, 1000 rpm/s, and 40 s. The peel-off process for the p(g2T-TT)-based transistor was the
same as that for the PEDOT:PSS-based transistor except no baking steps were included. This
resulted in an ~ 100 nm thick semiconductor layer for PEDOT:PSS and an ~ 85 nm layer for

p(g2T-TT).

2. Characterization

The PEDOT:PSS-based OECT output and transfer curves (Figure I11-1c, Figure 111-2c,
Figure 111-3, and Figure I11-4a) were made using a Keithley 2612A source meter unit. 4-wire
measurements were performed in 4-wire sense mode for channel B and 2-wire sense mode for
channel A. The force-hi terminal of channel B was connected to the drain electrode, and the
sense-hi terminal was connected to the voltage probe nearest to the drain electrode. The force-lo
terminal of channel B was connected to the source electrode, and the sense-lo terminal was
connected to the voltage probe nearest to the source electrode. The force-hi terminal on channel
A was connected to the Ag/AgCI pellet, and the force-lo terminal was shorted to the sense-lo
terminal of channel B. For 2-wire measurements, the force-hi terminal of channel B was
connected to the drain electrode, and the force-lo terminal was connected to the source electrode.

The force-hi terminal of channel A was connected to the Ag/AgClI pellet, and the force-lo
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terminal was shorted to the force-lo terminal of channel B. The output and transfer curves for the
p(g2T-TT)-based OECT (Figure I11-1d, Figure I11-2d, and Figure I11-4b) were made using a
Keysight B2962 source meter unit. The 4-wire and 2-wire connections for these measurements
were the same as those used for the PEDOT:PSS-based OECT.

The contact resistance measurements for the PEDOT:PSS-based OECT were made using
a National Instruments PXle-4145 source meter unit synchronized with a National Instruments
PX1 6289 DAQ system. The force-hi terminal of channel 1 of the 4145 was connected to the
drain electrode, and the force-lo terminal was connected to the source electrode. The positive
voltage output of the 6289 was connected to the Ag/AgCI pellet, and common voltage output
was shorted to the force-lo of channel 1 on the 4145. The force-hi terminal of channel 2 of the
4145 was connected to a voltage probe, and the force-lo terminal was shorted to channel 1 force-
lo. Channel 1 of the 4145 was configured to source voltage and measure current. Channel 2 of
the 4145 was configured to source O current and measure voltage. The DAQ was configured to
source voltage, but did not measure current. Five measurements were made in total, and channel
2 of the 4145 was placed on a different voltage probe in each measurement. For the p(g2T-TT)-
based OECT, the contact resistance measurements were made by using the Keithley tsp-link
system to synchronize a Keithley 2450 and a Keithley 2636A. Force-hi of channel A on the 2636
was connected to the Ag/AgCl pellet, and force-lo was connected to the source electrode. Force-
hi of channel B was connected to the drain electrode, and force-lo was shorted to force-lo of
channel A. Force-hi of the 2450 was connected to a voltage probe, and force-lo was shorted to
force-lo of channel A on the 2636. Both channels of the 2636 sourced voltage and measured

current. The 2450 sourced 0 current and measured voltage. Five total measurements were made,
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and for each, the 2450 was connected to a different voltage probe. In this way, the voltage at
each position in the channel was measured.
Before making any measurements the OECTs were cycled on and off for more than five

minutes with square voltage pulses at the gate electrode.

3. Data fitting

The disorder model was implemented in MATLAB and used as an objective function for
the MATLAB nonlinear curve fitting function 1sqgcurvefit. Parameters were extracted based
on the fit between the model’s predicted transconductance curve and the experimental
transconductance curve. The free parameters in the fitting procedure are E,, op0s, and n. The
conductivity scaling factor, ay, is a fixed value in the fitting procedure and is simply the
conductivity when the OECT is biased at V; = 0 V (for PEDOT:PSS) or V; = —0.4 V (for
p(g2T-TT)). The uncertainty in the parameters E,, op0s, and n are based on the estimated
covariance matrix for those variables. The reported uncertainties in these variables are 95%
confidence intervals obtained using the MATLAB function n1parci. For the PEDOT:PSS-
based OECT, the reported uncertainty in the g, parameter is two times the standard deviation of
measured conductivity at V; = 0 V over 4 trials. For the p(g2T-TT)-based OECT, the reported
uncertainty in the g, parameter is two times the standard deviation of the measured conductivity
at V;, = —0.4 V over 10 trials. Code for implementing the model and fitting to data are available

from the author upon request.
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APPENDIX 111: SUPPORTING MATERIAL FOR CHAPTER IV

A. Discrete Model Derivations

N
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Figure 1X-1. Circuit diagram for the Discrete Model description of an OECT (see chapter 1V).

Figure 1X-1 shows the circuit diagram that defines the simple model. In this section, we
will derive the expressions for the source and drain currents resulting from an arbitrary gate

input. First we consider the ionic current, which flows through the gate resistor and capacitors,
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but not through the transistor.” In the following derivation, lower-case variables are used for

time-domain terms and the corresponding upper-case variables refer to the Fourier transform of

those terms. Assuming the leakage current, I, .4, is negligible, and using the Meyer partition'’2

we have

. 1 dvq(t)
ic1() =2 Con—,

ig2(t) = %CCH% [v1(t) —vp ()] (1X.1)

. t)—-v1(t . .
io(t) = 00 = iy (1) + iy (1)
Taking the Fourier transform of this system, we obtain
1.
Ig1(w) = ZJ@ CenV1(w)

1.
Ig2(w) = SJ]® Cen[Vi(w) — Vp(w)] (IX.2)
Vv -V
lo(w) = “EOE = 16, (@) + Iga (@)
where w is the angular frequency and j = v —1. If the drain voltage is constant with respect to

time, then dvp /dt = 0, and we can write
1.
Igz(w) = PV CenVi(w) = I (w)

Ig = jow CeyVy(w)
, (IX.3)

Ve (w)-Vi(w)
Rg

=jw CeyVi(w)

Vi(w) =152

1+jwt
where T = R; X Cy. Because v, (t) does not change too rapidly for typical values of 7, we can

use the quasi-static approximation®’* and transform V;, given by Equation (IX.3), back into the
time domain and then insert the result into the steady-state equation for a long-channel PMOS

transistor.?®

* lonic current can flow laterally through the transistor channel, but the high channel length/thickness ratio (~10°)
allows us to neglect this contribution.
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icn(t) = L [V — vy (£) + 2]V, (1X.4)
where u is the hole mobility, L is the channel length, and V; is the pinch-off voltage. Both V,and

V', are constants with respect to time. We can find the source and drain currents by adding the

gate current to the channel current, as indicated in Figure IX-1.

. . 1.
is=—|icy + 31
S. [ CH 12. G] (|X.5)
Ip =lcen — 3l
1. Step response
The results of equations (1X.3), (1X.4), and (1X.5) describe how to find the source and drain
currents for an arbitrary gate input. If, at time t = 0, the gate voltage is a stepped from the
constant value V, to the constant value V, + AV, then
Vo(w) = AV |5 [-L + 8(w)| + Vov2 5(w). (IX.6)

Inserting this into Equation (1X.3) and taking the inverse Laplace transform, we obtain

v1(t) = AV;[1 — exp(—t/7)] + V4, (IX.7)
for t > 0. Combining the results of (1X.1), (IX.4), (1X.5), and (IX.7) we obtain

i (t) = 52 exp(~t/7), (1X.8)

And

ion () = 582 Vi = Vo + 2] Vo ~ 52 VoV [1 — exp (7))

T

i50) = = [“22 [V — Vo + 2] vy — 2V [1 - exp (Z)] + S22exp (T)] 1)

is(t) = — lﬂi;ﬂ [Vp — Vo — AV, + ‘%”] Vp + AVgexp (_Tt) [uCcH Vs + _G]l

Notice that the source current will step instantaneously to the new steady-state value if
—2uVp/L? = 1/7, in agreement with the Bernards model.?®

2. Frequency domain response
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Having analyzed the response to a square gate voltage step, let us now derive the

response to a sinusoidal input with frequency w,. From Equations (1X.2)-(1X.5) we obtain

Ip(@) = £2 [V2R6 ()Vp — 122 +2m8 (w) 22| Vp — 22| 22|

(1X.10)

UCcHVp JwT
ID ((l)) - [1+]wr] [ ] VG ((1)) + A 6((‘))
where A; is a constant that describes the DC contrlbutlon to the drain current. We can separate

the input signal into its component at frequency w, and its DC offset. Then we can write
Ve(w) = Vg (wy) + A, X §(w), WhereA, is a constant describing the DC offset of the gate

sinusoid. This yields

1 CcuV
Ip(@) = —[7z] 22 + f‘*”] [Vs(wo) + A28 ()] + A,6(w) (IX.11)
and the component of the drain current at frequency w, (for wy # 0) is
CcuV
Ip(wo) = = [1+1wor] [ﬂ CLI: >+ J‘*’OT] Va(wo) (IX.12)

We can divide this result by to obtain the transadmittance (that is the transfer function of the

transistor) at the input frequency, w,.

Ip(wo) _ _ UCcuVp |, jwot
Vg(wo) N [1+]a)0‘r] [ + 2RG] (|X13)

One can see from the above derivation that the transadmlttance at the drain terminal (Equation
(1X.13)) is composed of a channel admittance term (the leftmost term in the second set of
brackets in (1X.13)) and a gate admittance term (the rightmost term in the second set of brackets
in (1X.13)). This leads to the following expression for the full gate admittance (twice as large as

the term in (1X.13) because only half of the gate current flows to the drain terminal):

foon) _ [_L_] fjoor] (1X.14)

Ve (wo) 1+jwoetl L Rg
Therefore, the ratio of drain current to gate current at frequency w, is given by
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Ip(wo) _ _ [#CCHVD ]'on]/]'on
Ig(wo) L? 2Rg I’ Rg
Ip(wo) _ juV 1
D = 2 — . (1X.15)

Ig(wo)  wol?2 2

|1D(wo) 2 _ (HVD )2 41
IG(O)()) CL)()LZ 4

Therefore, Ip(wy) = I;(wy) When w, is given by

vp\% 3
(E2)" =2, for Ip(wo) = Is(wo)

(l)oLz

(1X.16)

2uv
= wy = \/_3—12, for ID((‘)O) = IG(wO)
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Figure 1X-2. Ratio of gate to drain current as a function of the input frequency. Note that the
values plotted here are the component of each current at the input frequency, not the DC values.
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The data shown here were measured using the same device that was used for Figure IV-2 in
chapter IV.

B. Experimental non-idealities:

1. Long-term current drift
Figure 1X-3 shows the discrete model fit to the data shown in Figure IV-2c. In Figure
IX-3, the data are plotted out to 20 ms, making it clear that the measured source current

continues to drift long after the RC time constant of the ionic circuit.

> 0.02 i
0 0 —_[
> 1 1 1 1
0 5 10 15 20
Time / ms

Figure 1X-3. Long-term current drift is evident 20 ms after the gate voltage is stepped. The data
shown here are the same as in Figure 1V-2c.

2. Error between predicted and measured current at t = 0.
The error between the predicted and measured currents at t = 0 is due both to
shortcomings in the discrete model and systematic measurement error. For instance, the model

does not take into account the non-uniform hole mobility in PEDOT:PSS, so steady-state values
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at different voltages may not simultaneously fit the model with the same mobility parameter.
However, in some cases, there is a discrepancy between the source and drain currents measured
at exactly the same gate and drain voltages, as shown in Figure 1X-4. This discrepancy is
particularly noticeable in Figure 1X-4b, where the y-axis only spans 800 nA. The ~ 200 nA
difference between the t = 0 values for the source and drain currents is in agreement with the
performance specifications of the Agilent B2962a, which state that a fixed offset of 200 nA is
possible in any measurement when using the 1 mA measurement range. In our experience, this
offset is most noticeable when comparing measurements with voltages of opposite +/- sign.
However, as shown in Figure 1X-5, the error in measured current at t = 0 is negligible for small

gate voltage steps and when not comparing source versus drain currents.
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Figure 1X-4. The raw data and model fits for the results shown in Figure IVV-3a and Figure 1V-3b.
In (a), the discrepancy between the predicted and measured t=0 currents is 90 nA for the source
current and 400 nA for the drain current (averaged over 101 data points). In (b), the discrepancy
is 30 nA for the source current and 240 nA for the drain current (averaged over 200 data points).
The fit parameters used here are the same as those used in Figure 3 of the main text; however, we
included Vp = 0.671 V.
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Figure 1X-5. The raw data and model fits for the results shown in Figure IV-2a-c in chapter V.
In (a), the discrepancy between the predicted and measured t = 0 currents is 230 nA (averaged
over 1001 data points). In (b), the discrepancy is 110 nA (averaged over 1001 data points). In
(c), the discrepancy is 230 nA (averaged over 1001 data points). The fit parameters for this
figure are the same as those used for Figure 2 in the main text; however, we’ve included Vp =
0.5V.
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3. Device stability

Figure I)X-6 shows the device response to 2250 ON/OFF cycles and demonstrates the
robustness of our devices to bias stress.
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Figure 1X-6. Response of a PEDOT:PSS-based OECT to a square pulse train at the gate
electrode. The pulse train has a period of 0.4 s, a 50% duty cycle, a peak-to-peak amplitude of
0.4 V, and a DC-offset of 0.1 V. The drain voltage is fixed at a constant -0.1 V. In order to
capture 15 minutes of continuous data, the sampling rate was set to 50 Hz. This figure shows
that the device is stable for over 15 minutes of operation and 2250 cycles with minimum
decrease in the on and off currents. The transistor used for this figure is the same device as the
one used for Figure 1V-3 in chapter IV.

C. Experimental details
1. OECT fabrication

OECTSs were fabricated using a previously reported technique.?* Gold electrodes were
evaporated onto glass substrates and patterned via photolithographic liftoff. After this, an ~2 pum
layer of parylene-C was evaporated onto the substrate. Then an anti-adhesion layer (1% Micro-
90 in water) was spun on before evaporating on a second layer of parylene-C. The parylene
layers were patterned via reactive ion etching with a photolithographically patterned mask of
AZ-9260. After etching, a PEDOT:PSS solution (95 wt% Clevios PH-1000, 4 wt% ethylene

glycol, 0.9 wt% 3-glycidoxypropyltrimethoxysilane, 0.1 wt% dodecylbenzenesulfonic acid) was
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spun onto the parylene layer at 3000 rpm for 30 s and baked at 95 °C for 75 s. Next, the
sacrificial layer of parylene-C was peeled off of the substrate, leaving PEDOT:PSS films in the
transistor channels and a barrier layer of parylene-C covering the gold electrodes. Finally, the
sample was baked on a hotplate at 140 °C for 70 minutes and subsequently immersed in water
for 4 hours.

2. Characterization

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

Characterization of the accumulation-mode OECT was the same as that of the
PEDOT:PSS devices except that we used 2 digital multimeters (N1-PXI-4071) to measure the
gate and drain currents while biasing the gate and drain with a multi-channel data acquisition
card (NI-PXI 6289). We used custom-written Labview control software for these measurements.

3. Estimation of parameter uncertainty
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The fit parameters were estimated using custom code incorporating the nonlinear fit
function 1sgcurvefit from MATLAB R2015a. The fits were made between the discrete
model and the frequency-domain data with upper and lower bounds on the mobility provided by
the time-domain data. The measured gate voltage was used as the input for the discrete model
calculations because the actual gate voltages are not perfect step functions or smooth
Lorentzians. The +/- uncertainties for the fit parameters are 95% confidence intervals extracted
using the 1sqcurvefit Jacobian and MATLAB’s nlparci function. The uncertainties for
the mobility measurements using equation (1V.1) were calculated by propagating the uncertainty

in frequency (+/- half the step size between frequency samples).



