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Abstract

Understanding the Static and Transient Behavior of Organic Electrochemical Transistors

Shin Ya Chen

Chair of the Supervisory Committee:
Professor David S. Ginger
Department of Chemistry

An organic electrochemical transistor (OECT) is a type of transistor with both ionic and electronic
carriers involved in device operation. Recently, OECTs have emerged as promising candidates for
both neuromorphic computing and biosensing applications as they exhibit direct response to
biologically relevant ions, neurotransmitters, and metabolites. Moreover, the typically soft and
flexible nature of organic semiconductors opens the possibility of the implementation of OECTs
in both brain-machine interfaces and implantable biosensors. Nevertheless, deeper understanding
of static and transient behavior of OECTSs is necessary to unleash the full potential of OECTs for
all the promising real-world applications aforementioned. Here, we first study the impact of the
polymer side chain on the transconductance and the speed of OECT devices. Specifically, we show

higher transconductance and faster kinetics if more polar function groups are on the side chain, or



if the polar functional group is farther away from the polymer backbone. Next, we elucidate why
accumulation mode organic electrochemical transistors turn off much faster than they turn on,
which is a phenomenon prevalent in published studies yet cannot be explained by existing models.
We further identify that ion transport is limiting the device’s operation speed and provide guides
for engineering faster OECTs from both device and materials perspectives. Last, we synthesize
new polymers and characterize their OECT performance. We verify that higher polymer
crystallinity indeed reduces the OECT electronic carrier mobility. Together, these studies help to

expand our understanding of the static and transient behavior of OECTs.
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Chapter 1. INTRODUCTION

1.1  MOTIVATION

Organic electrochemical transistors (OECTSs) are currently being explored in numerous
applications including bioelectronics,** logic circuit elements,>® and neuromorphic devices.”
These intriguing applications are possible thanks to OECT’s features including high amplification
capability, low operation potential,*! flexible operation environments (electrolyte or gel)? and
multiple conducting states.*? Nevertheless, current understanding of the OECT operation
mechanism is still limited, as the interplay between channel organic materials, electrons, ions, and
solvent are complex. Redox reactions of channel polymer (key process of OECT operation) and
the possible undesired side reactions (with water and oxygen involved) further increase the
analysis difficulty. Here, we seek to understand the complex interactions between these factors in
the hope that our findings will help the commercialization of OECT based applications one step
forward.

Below describes the outline of the dissertation. In Chapter 1, the background of OECTs
including the choice of channel material, electrochemical doping and dedoping of channel organic
semiconductors and the OECT operation principles are introduced. In Chapter 2, we study the
impact of the side chain structure on the OECT performance. In Chapter 3, we investigate the
transient behavior of accumulation mode OECT devices. We then discuss the synthesis and
characterizations of new OECT materials in Chapter 4. We summarize the findings and provide

future directions in Chapter 5.



1.2 ORGANIC MIXED IONIC-ELECTRONIC CONDUCTORS

Organic mixed ionic-electronic conductors (OMIECSs) are organic materials with the capability of
conducting both ionic and electronic carriers. OMIECs typically comprise an electron conducting
motif and an ion conducting motif as shown in Figure 1.1. OMIECs could be accomplished by
either blending organic semiconductors (often times n-conjugated polymers, hereafter refer as
conjugated polymers) with ion conducting polymers, adopting block copolymer structure, or
synthesizing conjugated polymers with ion conducting side chains. Film morphology may vary
significantly with different strategies. To date, most of the OECT channel materials fall into the
category of type I, I, V and VI in Figure 1.1. Type Il and IV materials are relatively rare due to
synthetic difficulty. In this dissertation, we mainly investigate OECT performance of type VI

OMIECs.
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Figure 1-1. Material classes of OMIECs.

Adapted with permission.'® Copyright 2019, Springer Nature.

Since the OMIECs conduct both ions and electrons, the processes involved in OMIECs could

be categorized as electronic transport, ionic transport and ionic-electronic coupled interactions as

shown in Figure 1.2. The conjugated structure of polymer backbone provides electronic transport,

which occurs either through hopping or band-like transport. Electronic carrier hopping appears

with relatively localized charge carrier and is the dominant electronic transport pathway in

amorphous domain or in low doping regime (Figure 1.2.a). Band-like transport could occur when

doping level increased and the charge carrier is relatively delocalized (Figure 1.2.b). When doping




level increased, both pathways are possible and thus the dependency of electronic carrier mobility

on electronic carrier density (Figure 1.2.c). lonic transports in OMIECs are possible through ion

hopping via polar side chains, polymer solvation or Grotthuss mechanism (Figure 1.2 g-i). lonic-

electronic coupling describes the injected electronic carrier being compensated by the counterion

to maintain the charge neutrality (Figure 1.2 d-e). Detailed description of charge injection and

electrochemical doping of conjugated polymer could be found in section 1.3. Processes illustrated

in Figure 1.2.a-c, d-e and g-h are closely related to the OECT operation.
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Figure 1-2. Processes in OMIECs.
Adapted with permission.'® Copyright 2019, Springer Nature.

Figure 1.3 shows the typical configurations of OMIEC-based devices. Blue, yellow, and grey

layers in the figure represent OMIECs, metal electrode (typically gold) and the substrate

(commonly glass or silicon), respectively. The counter electrodes are typically Ag/AgCI pellet,




metal electrode or other OMIECs. OMIECSs show great potential in applications including sensors,
energy storage, display, and computing. In this dissertation, we will focus on OECTs and apply
electrochemical impedance spectroscopy (EIS) and spectroelectrochemistry (similar to

electrochromic) for characterizing OMIECs performance.
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Figure 1-3. Typical configurations of OMIEC-based devices.
Adapted with permission.!® Copyright 2019, Springer Nature.



1.3 ELECTROCHEMICAL DOPING OF ORGANIC MIXED IONIC-ELECTRONIC

CONDUCTORS

Most OMIECs contain conjugated structure (alternated single and double bond) and fall into the
category of organic semiconductors. The direct differences between insulators, semiconductors,
and conductors (like metal) are bandgap (Eg) and conductivity (o). Semiconductors typically have
bandgap < 5eV and conductivity in the range of 107 ~ 10° S/cm. More electrons could reach the
conduction band and contribute to the conductivity with smaller bandgap. The number of electrons
in the conduction band at a given temperature, or the distribution of the electronic carriers, is
commonly described by Fermi-Dirac statistics. Figure 1.4 shows the bandgap of thiophene
molecule(s) becomes smaller with increasing repeating unit (which could be described using
molecular orbital theory), and the evolution from a relatively insulating material (a single
thiophene unit) to a semiconducting material (three or more thiophene repeating units). As the
bandgap becomes smaller, they start to absorb visible light and thus the solution switches from
colorless to yellow and orange. Detailed discussions on Fermi-Dirac statistics and molecular
orbital theory could be found in the textbook of semiconductor physics and general/physical

chemistry, respectively.
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Figure 1-4. Evolution of the bandgap with increasing number of thiophene repeat units.
Adapted with permission.** Copyright 2016 Royal Society of Chemistry.

Doping is an effective approach to increase the conductivity of semiconductors, with the
semiconductors being oxidized (electron removed, p-doping) or reduced (electron added, n-
doping). The generated electrons (n) or holes (p) increase the carrier density and thus the
conductivity. In inorganic semiconductors like silicon, doping is typically achieved via thermal
diffusion, ion implementation, chemical vapor deposition (CVD) or physical vapor deposition
(PVD). For organic semiconductors, chemical doping (molecular doping/vapor doping) and
electrochemical doping are the two most commonly used doping methods. Chemical doping is

relatively straightforward for implementation and is suitable for applications like e-textiles or



thermoelectrics, where reversible doping/dedoping is not necessarily required. In contrast,
electrochemical doping has the benefits of more easily controlled doping levels and capability of
switching between different doping levels via potential. These features are especially intriguing
for transistor and neuromorphic applications.

Figure 1.5 shows an example of p-type electrochemical doping of organic semiconductors (or
conjugated polymer/OMIECS) in a two-electrode cell system. In the neutral state, ions mostly
reside in electrolyte, with few/some entering the polymer film along with the solvent due to the
film passive swell. Passive swelling level of polymer depends on the solvent-polymer
compatibility. When the oxidation bias is applied, holes (at gold surface) and electrons (at Pt mesh
surface) are induced, and the transport of anions and holes into the film starts to occur. When the
oxidation bias is on hold and the system reaches steady, the holes injected into the film are
compensated by the anions from the electrolyte to maintain charge neutrality, and the polymer (P)
is oxidized: P + h* = P*. On the Pt mesh end, the induced electrons are compensated by the cations
in the electrolyte. If a Ag/AgCl pellet is used instead of the Pt mesh, the following reaction occurs:
AgCl + e &> Ag + CI. Overall, p-type electrochemical doping of organic semiconductors (or
conjugated polymer/OMIECs) involves these four steps (on the polymer end): (1) applying
oxidative bias (2) anion injection and transport (3) hole injection and transport (4) hole
compensated by anion. Importantly, the exact sequence of steps (2) - (4) are likely polymer and
ion dependent and are poorly understood. We note that the solvent involved in electrochemical
doping could be either water or organic solvents like acetonitrile. The major difference between
these two solvents is ion solubility (i.e., KCI cannot be dissolved in most organic solvents) and the
electrolyte potential window (water potential window is smaller). In most of the OECT studies to

date, water is the choice of the solvent as most biological relevant ions are soluble in water.
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Figure 1-5. Schematics of electrochemical doping of organic semiconductors.

Figure 1.6 shows an example chemical structure and band struture change of p-doping of
organic semiconductors (or conjugated polymer/OMIECs). Doping introduces new electronics
states (polaron and bipolaron) in the bandgap of the polymer and narrows the bandgap. Polaron
represents the electronic charge (i.e., injected hole) and the distortion of the polymer backbone.
Bipolaron occurs typically in higher doping levels, where two injected electronic charges share the
same distortion of polymer backbone.

Since the electrochemical doping of polymer involves changes including color (narrower
bandgap), mass (injected ions and solvent), charge (injected electronic carrier), polymer ordering
and film conductivity, techniques below are commonly used for electrochemical doping

characterizations:

A. Color: UV-Visand IR

B. Mass/thickness: QCM and AFM

C. Electronic charge: EIS and coulometry

D. Polymer ordering: XRD and GIWAXS

E. Conductivity: OECT and 4-line method
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Figure 1-6. Schematic of p-type doping and the band structure evolution.
Adapted with permission.!* Copyright 2016 Royal Society of Chemistry.
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1.4 ORGANIC ELECTROCHEMICAL TRANSISTORS

OECT Device Architecture

Figure 1.7 shows the classic OECT device architecture (top gate / bottom contact). Similar to all
transistors, OECT is a three-electrode device with source (grounded) and drain electrode connected
by the channel material (OMIECs/organic semiconductors/conjugated polymers), and the gate
electrode is immersed in the electrolyte. Akin to field-effect transistors (FETSs), in OECTSs, output
current (drain current, Ip) is a function of voltage signal at gate (Vg), or the magnitude of Ip is
controlled by Ve. A typical OECT has channel width (W), length (L) and thickness (d) to be 100
um, 10 um and 100 nm, respectively, and the thickness of bottom metal electrode (mostly
gold/chromium or gold/titanium) is ~ 100 nm. Recently, new OECT device architectures including
top gate / top contact, coplanar and vertical have emerged and showed promising features including
claimed higher reproducibility (top gate / top contact),’® applicable as planar bioelectronics
(coplanar)®® and smaller device footprint (vertical).>"~°* Appendix C and Appendix D show the

OECT device fabrication protocol via photolithography and printing, respectively.

G
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I Organic Bl
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Figure 1-7. Side and top view of OECT device schematics.
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OECT Operation Principle

The operation principle of OECT is described as follows: the magnitude of Ip, or channel
conductivity of an OECT is modulated by the electrochemical gate potential, which controls the
doping level (redox state) of the conjugated polymer channel. Importantly, in contrast to
conventional FTEs, OECTs exhibit volumetric doping: the gate voltage changes the conductivity
of the entire volume of the transistor channel, rather than just the surface layer (Figure 1.8), and
counterions injected from the electrolyte provide charge compensation for injected electronic
carriers.?® We note that in reality, the boundary of electrolyte-gated OFET (EG-OFET) and OECT
could be vague and depends on the choice of polymer, ion and operation potential as demonstrated
by Laiho et al.?! The other classical examples are transistor devices based on poly(3-
hexylthiophene) (P3HT) or conjugated polymers with more hydrophobic side chains. These
transistors exhibit volumetric doping and act as OECTs with bulky, chaotropic anions like TFSI
or PFe". In contrast, with kosmotropic anion like CI, these transistors show mainly interfacial

doping or mixed interfacial/volumetric doping and act more like EG-OFETs.?2%

a FET b Electrolyte-gated FET ¢ OECT
Gate electrode ® Electrolyte @
@ @
© ®© e o .©
— 1 |°® 0 @ © ® 9 o
Dielectric 5 © © 0 o o @ o @
+ + + T T F W + + +
©'g © LT 0
o +o 2 o
Channel + +O0 + O >

Figure 1-8. Comparison of transistor device schematics.

Adapted with permission.?® Copyright 2017 Springer Nature.
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Based on the OMIECs selection, OECT could operate in either depletion mode or
accumulation mode (Figure 1.9). In depletion mode, the OMIECs are in doped state without gate
bias applied (intrinsically doped), meaning it is in on-state when no gate potential applied. In
contrast, the accumulation mode OECTSs are turned on when gate potential is applied. Most of the
OMIECs reported to date operated in accumulation mode, except poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), which typically operates in
depletion mode. PEDOT:PSS is one of the most used OECT materials since its commercial
availability, relatively good stability and moderate OECT performance. From the application
perspective, accumulation mode materials are sometimes more favorable because of their lower

energy consumption, particularly for in vivo bioelectronics and neuromorphic computing.
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Figure 1-9. Comparison of OECT operation modes (p-type).
Adapted with permission.?” Copyright 2018 John Wiley and Sons.
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OECT Characterizations

To characterize the steady-state performance of OECT devices, output curve (Figure 1-10 A) and
transfer curve (Figurel-10 B-C) are standard measurements similar to characterizing FETs. To
compare the OMIECs performance as OECT materials without being affected by transistor
dimensions or operation potentials, Inal and colleagues proposed using the product of electronic
carrier mobility (i) and the volumetric capacitance (C) as a steady-state figure of merit to evaluate
different OECT materials.?®?° The pC” product captures the steady-state ionic/electronic transport
process under device operation. The expected relationship between the pC” product and gm in the

transistor saturation regime is given in Eq. 1:28:2°

Im = uC* - WTd * (Vpr — Vi) (Saturation) (1)

Figure 1-10 D shows the extraction of uC” values by measuring the gm of several OECTs and
performing a linear regression between gm and (Wd/L) - (Ve - V7), as the channel width (W),
length (L), channel active layer thickness (d), threshold voltage (V1) and Vg are known. Threshold
voltage extraction is demonstrated in Figure 1-10 B.

The product of electronic carrier mobility (i) and the volumetric capacitance (C”), uC” and
threshold voltage (V1) are the crucial steady-state metrics when selecting OECT channel materials.
In general, higher uC™ and lower | V7| are desired. An effective strategy to increase the material
uC” is to tether polar side chains like ethylene glycol onto the conjugated backbone to improve the
C". Nevertheless, issues like lower mobility (trade-off between p and C*)*°3! or poor operation
stability®? could occur if the polymer film is too hydrophilic. The state of art p-type OECT

accumulation mode material, p(g2T2-g4T2) exhibits uC* ~ 522 F cm*V-1st and Vr ~ 0.02 V,*
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while the state of art n-type OECT accumulation mode material, P(QTDPP2FT) exhibits pC* ~ 42
Fcem™Vv-istand Vr ~ 0.65 V.34 The state of art p-type OECT depletion mode material, Crys-P(SE)
exhibits pC*~ 1500 F cm™V-1s1.% We note that there is no n-type OECT depletion mode material
yet, likely related to the intrinsic instability of doped n-type organic semiconductors in the ambient
condition. A complete pC* and V- values for the up to date OECT materials could be found in a

recent review paper written by Tropp et al.*
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Figure 1-10. Steady-state OECT characterizations.

Adapted with permission.!® Copyright 2023 Royal Society of Chemistry.

Figure 1-11 shows the transient OECT characterization. Based on the behavior of
PEDOT:PSS OECTSs (depletion mode), the pioneering Bernards model considers the transient

behavior of an OECT as the characteristic of charging or discharging a capacitor.®” Assuming
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charging or discharging occurs uniformly along the channel polymer, they proposed that Ip to have

a single exponential response when switching between two steady-states, as shown in Eq. 2:
e -t/
Ip(t, VG) = Iss(VG) + Al (1 - flT-_L) e fxi 2

where Iss is the steady-state channel current, and Alss is the current difference between two
different steady-states. f determines the ratio of Igs and lcp. 7, is the electronic charge transit time
and t; is the product of Rs - C¢,. The Rs is the electrolyte resistance and the Cch is the channel
capacitance.®” They demonstrated the Ip response to be either a monotonic decay or a spike-and-
recovery depending on the ratio between ft, and t;, with device switching speed determined by
7; (Figure 1-10 A).*” We note that with Bernards equation, one would expect similar transistor

turn-on and turn-off times.
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Figure 1-11. Transient OECT characterizations.
Adapted with permission.'® Copyright 2023 Royal Society of Chemistry.
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Figure 1-11 B shows the frequency characteristics of OECTs. When the applied gate potential
is switched too fast between on and off states, i.e., f > feutofr, the transistor will not be able to
response fully and thus results in lower transconductance. Rivnay et al first applied the impedance
matching method to determine the OECT turn-on time (z,, = 1/ 2 mf.).%® Impedance matching
method has been relatively rare reported when characterizing OECT transient behavior, though it
is standard for other types of transistors like FETS.

In general, current understanding of the OECT transient behavior is lagging behind compared
to the steady-state behavior. Notably, operation speed could be dramatically different for materials
with similar uC”.3® Comparing the operation speed of OECT materials in the published studies
could be complex and difficult due to several reasons: (1) The operation speed is doping level
dependent yet there is no universal standard for what the “ on-state doping level” is. (2) Device
dimension (W, d & L), distance between gate and channel, and overlap area between polymer and
metal electrode could all affect device operation speed. (3) Potential different transient behavior
for the same material in different cycles due to either film hydration or cycling instability. (4)
OECT operation speed is ion concentration and ion species dependent, yet there is no standard
electrolyte when testing operation speed. Common electrolytes are 0.1 M NaCl, 0.1M KCl and 1X
PBS buffer. (5) Some studies only report the device turn-on time. We expect more exciting works
in the field to come and elucidate the complex OECT transient behavior.

Detailed descriptions of other common OECT channel material characterization techniques
including electrochemical impedance spectrum (EIS, for C*), quartz crystal microbalance with
dissipation and electrochemistry module (eQCM-D, for swelling),*> moving front experiments and
AFMs (for ion mobility and ion motion), and spectroelectrochemistry (SpecEChem, for doping

level and electronic band structure) could be found in reviews by Ohayon et al.*® and Wu et al.**
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Summary

To sum up, a brief introduction on OECT device architectures, OECT operation principle and
OECT characterizations are presented in this section, which are closely relevant to the dissertation
content. Other interesting and important topics including OECT device cycling stability*? and

OECT applications*?®27 could be found in recent OECT reviews.
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1.5 SuMMARY

In Chapter 1, we first introduce OMIECs, which are organic materials that conduct both ions and
electrons and could be used as OECT active layers. We then discuss the electrochemical doping
of organic semiconductors, in which electronic carriers are injected into organic semiconductors
when oxidation/reduction potential is applied. Electrochemical doping of organic semiconductors
is the most crucial process of OECT operation. Last, a brief description on OECT device
architectures, OECT operation principle, and OECT characterizations are presented. We hope this
information is sufficient to help readers to understand the following three original research works

in Chapter 2, Chapter 3 and Chapter 4.
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Chapter 2. IMPACT OF VARYING SIDE CHAIN STRUCTURE ON ORGANIC
ELECTROCHEMICAL TRANSISTOR PERFORMANCE: A SERIES OF
OLIGOETHYLENE GLYCOL-SUBSTITUTED POLYTHIOPHENES

Adapted with permission from S. E. Chen, L. Q. Flagg, J. W. Onorato, L. J. Richter, J. Guo, C. K.
Luscombe and D. S. Ginger, J. Mater. Chem. A, 2022, 10, 10738%. Copyright 2022 Royal Society

of Chemistry.

2.1 INTRODUCTION

Conjugated polymers with mixed ionic-electronic conduction properties, or organic mixed ionic-
electronic conductors (OMIECs), are promising materials being explored in the fields of
bioelectronics,*3 neuromorphic computing,®*® and energy storage.** In the field of bioelectronics
and neuromorphic computing, organic electrochemical transistors (OECTS) provide a device
configuration that can transduce small changes in an ionic flux into large changes in electrical
current.?62745 An OECT is a three-terminal device with source and drain electrodes connected by
a channel active layer (conjugated polymer), and with an electrolyte solution in between the
channel active layer and the gate electrode. The working principle of an OECT (in accumulation
mode) involves the injection of polarons from the source electrode into the channel driven by the
gate potential bias (V) and a concomitant change in electrolyte balance in the polymer film (both
anion injection and cation expulsion for p-type material) to maintain charge neutrality.? This
coupled process of electrochemical charging (commonly referred to as “electrochemical doping™)
results in the volume of the polymer film filled with charged polarons, which are in turn charge-

compensated by ions from the electrolyte. The density of electronic carriers (polarons) in the active
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channel, and hence the magnitude of the electrical current that flows through the channel (Ip) is
modulated by V. The resulting change in drain current Ip that is achieved by a given change in
Vg is reported as the transconductance (gm= aIp/dV¢). As a class of transistors, OECTs offer
several attractive properties including high gm (= mS), low device operation voltages (< |1 V), and
the ability to transduce ionic action potentials (voltages) in biological environments ranging from
neurons in the brain*2® to carnivorous plants.?

To compare the performance of different OMIECs as an OECT active layer in a manner that
is unaffected by factors such as transistor device geometry and operation voltage, Inal and
colleagues proposed using the product of electronic carrier mobility (u) and the volumetric
capacitance (C") as a figure of merit to evaluate different OECT materials.?? The pC™ product
captures the steady-state ionic/electronic transport process under device operation. The expected

relationship between the pC” product and gm in the transistor saturation regime is given in Eq.

1.28,29

. wd
gm =02 - V) O

The value of uC” can thus be extracted by measuring the gm of different OECTs and performing a
linear regression between gm and (Wd/L) - (Ve - V1), as the channel width (W), length (L), channel
active layer thickness (d), threshold voltage (V1) and Vg are known. The uC” of the classical OECT
material Poly(3,4-ethylenedioxythiophene): polystyrenesulfonate (PEDOT:PSS) without any pre
or postprocessing is ~ 50 F cm™ V1 s 2° This is a relatively high value that results from a
combination of high electronic mobility and moderate volumetric capacitance. PEDOT:PSS is the

most widely used OECT material because of its commercial availability, operational stability and
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relatively high OECT performance. Typically, an OECT with PEDOT:PSS active layer is operated
in depletion mode, meaning the Ip is at on-state when no V¢ applied. Depletion mode OECT is
less desirable in applications requiring low-power consumption.

Over the last few years, researchers have been searching for new polymers with improved
OECT performance.'®% Desirable targets include materials with high pC” products,®#° those
that can operated in accumulation mode,**°%°2 and those that show faster kinetics.*>53** Among
different synthetic approaches, the strategy of modifying the polymer side chains has been applied
extensively on different conjugated backbones with the goal of realizing new OMIECs that operate
as accumulation mode OECTs with uC” comparable to or higher than PEDOT:PSS. Notably,
conferring conjugated polymers with fully glycolated side chain has become a ubiquitous strategy
to enable higher pC*.33%5-%7

Previously, we compared the OECT performance of a polythiophene with fully alkylated side
chain, poly(3-hexylthiophene-2,5-diyl) (P3HT), and a polythiophene with fully glycolated side
chain, poly(3-{[2-(2-methoxyethoxy)ethoxy]methyl}thiophene-2,5-diyl) (P3MEEMT).?* While
P3SMEEMT shows a higher uC” product than P3HT, the mobility of PSMEEMT, like other
polymers with ethylene glycol side chains, showed a complex relationship between polymer
crystallinity, dry hole mobility, and hole mobility in the hydrated OECT.?45>%8 Thus, given the
known trade-offs between morphology, ion injection, and carrier mobility,> it is interesting to
consider if there is room to compromise between degree of hydration and crystallinity, to achieve
a beneficial compromise between the large volumetric capacitance and favorable Kinetics
achievable with readily hydrated polymers with high ethylene glycol (EG) content, and favorable

ordering and hole mobility of hydrophobic P3HT with only alkyl chains.
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Recently, Luscombe and co-workers reported the synthesis of a related family of
polythiophenes with varying degrees of ethylene glycol (EG) content in the side chains, as well as
varying positions that are suitable for testing this hypothesis.®® They characterized the performance
of these materials as polymer electrolytes for Li-ion batteries, hypothesizing that ionic, electronic,
and balanced conduction could be improved by meticulously varying EG unit content and position
in the polythiophene side chain. They found further that both ionic and electronic conductivity
could be improved by increasing the oxygen atom distance from the polythiophene backbone.°
Here, we explore the performance of these materials in OECT applications, with the goal of testing
if it is possible to achieve a more optimal compromise between volumetric capacitance, kinetics,
and carrier mobility in hydrated OECTSs. Specifically, we test the OECT performance of three
reduced-oxygen-content side chain polymers in both chaotropic and kosmotropic electrolytes and
compare the results to the aforementioned reference polymer, PSMEEMT. This study emphasizes
the very different nature of OMIECs operated in dry and hydrated states and bridges the gap
between our understanding of conjugated homopolymers with pure alkyl and fully glycolated side

chain in terms of their OECT performance.
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2.2 RESULTS AND DISCUSSIONS

221 OECT Device Performance

We first studied the performance of the reduced-oxygen-content side chain polymers in OECTSs.
Figure 2-1a shows the OECT device structure used for testing. Figure 2-1b shows the chemical
structures of the reduced-oxygen-content side chain polymers studied. Poly(3-
(methoxyethoxybutyl)thiophene), or PSAPPT, has two oxygen atoms on the side chain farther
from the polythiophene backbone. Poly(3-(methoxyheptyl)thiophene), or P3BAAPT, possesses one
oxygen atom on the side chain farther from the polymer backbone. Poly(3-
(heptoxymethyl)thiophene), or P3PAAT, has one oxygen atom on the side chain closer to
polythiophene backbone. The polymers were synthesized via Kumada Catalyst Transfer
Polymerization (KCTP), and all polymers have similar number average molecular mass (Mn~ 10
kg/mol), degree of polymerization (DP ~ 50) and dispersities (D < 2). Table 2-1 summarizes the
polymer properties. The details of the polymer synthesis have been described previously.®® Figure
2-1c and Figure 2-1d show the typical OECT transfer curves (W = 4000 pm, L = 10 um) in KCI
and KPFg solutions, respectively. We measured for Vg only up to -0.7 V (vs. Ag/AgCl) because
exceeding this value could lead to rapid device degradation and even water electrolysis. P3APPT,
with two oxygen atoms on the side chain, exhibits higher Ip and gm compared to P3AAPT and
P3PAAT in both KCI and KPFg solutions. This result indicates that more oxygen content on the
side chain results in better OECT performance. Interestingly, comparing the polymers with only
one oxygen per side chain, P3AAPT shows a higher Ip and gm compared to P3PAAT in KPFe
solution, indicating that an oxygen atom farther from the polymer backbone is more beneficial for
OECT operation. Both P3APPT and P3AAPT OECT devices demonstrate higher Ip and gm when

measured with the chaotropic PFes anion compared to the kosmotropic Cl-anion, a result which is
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in agreement with our previous studies.?>** We did not observe any OECT performance of
P3PAAT in KCI solution: the magnitude of Ip measured was equivalent or smaller than the gate
current (Ig) (Figure A2a). This result means barely any current flows through the channel (from
source electrode to drain electrode), and the device is not yet turned on. We believe that the
inability to observe transistor behavior of P3PAAT with KCI as the electrolyte is because, in that
case, the |threshold voltage| is > 0.7 V (vs Ag/AgCl), such that material degradation or water
electrolysis occurs before the device turns on. In contrast, with a lower threshold voltage, P3PAAT
becomes a working OECT device with KPFs (Figure A2b). This result again emphasizes the
importance of the choice of counterion for OECT operation.

To compare the performance of polymers with reduced oxygen content on the side chains to
the reference polymer, PAMEEMT, we calculated the uC™ of polymers in both electrolytes using
Eq. 1. Figure A3 shows the resulting pC” fitting results while Figure A4 and Figure A5 show the
output curves and confirm that the transfer curves were measured in the saturation region (Vp = -
0.6 V), and it is thus feasible to apply Eq. 1 to compute uC". We noticed that the max gm was not
reached in KCI solution prior to the onset of irreversible electrochemical processes around =~ -0.8
V (vs. Ag/AgCl). To maintain a fair comparison, we calculated nC"~ with gm obtained at [Vg| - [V
~0.13 V for all cases. Figure 2-2a shows the uC" of four polymers in both KCland KPFgsolutions.
With the kosmotropic ClI- anion, we found that uC™ is very sensitive to both side chain oxygen
content and position. We show that there is a positive correlation between uC™ and side chain
oxygen atom content in KCI solution. For the chaotropic PFs anion, we observed a similar pC"
trend as with the CI" anion, albeit with less sensitivity of the pC” value to the side chain oxygen
content, a result which could be explained by the more hydrophobic nature of the PF¢™ anion. We

also noticed that a higher uC” was obtained with the chaotropic PFe  anion compared to
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kosmotropic Cl-anion for all four polymers. Overall, we show higher uC” with more oxygen atoms
on the side chain, or if the oxygen atom is farther from the polymer backbone in both KCI and
KPFs solutions.

Previously, Luscombe and co-workers have demonstrated that P3APPT, as polymer
electrolyte for LiTFSI salt, exhibits higher electronic conductivity and comparable ionic
conductivity to fully-glycolated PAMEEMT.® The fact that PBMEEMT is still a better OECT
active layer with higher nC* compared to P3APPT indicates the very different nature of
polymer/ion interaction in dry and hydrated states. And it is thus necessary to apply different
design strategy for various OMIECs applications.

Figure 2-2b shows the threshold voltage (V1) of the polymers in both solutions while Figure

A6, Figure A7 and Figure A8 show the determination of V1. To measure V1, we took the
intersection of the tangent line of plots of \/E curve (with maximum slope) and the x-axis in the

\/Evs. Vg plots. A smaller |V1| is generally preferred for accumulation mode OECTSs as the
device can be turned on at lower gate voltage. Interestingly, we found the V1 of PSMEEMT,
P3APPT and P3AAPT are all ~ -0.56 V (vs Ag/AgCl) with CI" as the counterion. When replacing
the CI- with PFs", we observed the expected decrease of V1 for all three polymers. In addition, we
found an even lower Vt of P3APPT and P3AAPT compared to PSMEEMT with PFs™ counterion.
One possible explanation is the higher crystallinity of P3BAPPT and P3AAPT films in the undoped
state compared to PSMEEMT, % which enables easier hole injection to start electrochemical doping
process. While with CI™ anion, which has higher hydration number and is very sensitive to side
chain hydrophilicity during doping, we hypothesize that opposite factors are at play: easier polaron
injection because of the higher film crystallinity at undoped state (lower V), but harder CI™ anion

injection due to the lower side chain hydrophilicity (higher V7). And the V1 of PSMEEMT,
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P3APPT and P3AAPT are thus all similar in KCI solution. Overall, our results clearly demonstrate
that VT is sensitive to both counterion and polymer side chain hydrophilicity, and that using the

chaotropic anions (PFe” and TFSI") lowers the VT compared to the kosmotropic CI™ anion.
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Figure 2-1. OECT performance of polymers.
(@) OECT device schematic. S and D represent source and drain electrode, respectively. An
insulating layer (dark grey) was applied on top of gold electrode to prevent direct contact between
gold and electrolyte. A Ag/AgCI pellet was used as gate electrode (G). (b) Chemical structure of
reduced-oxygen-content side chain polymers. An example OECT transfer curve (dot line) and
transconductance (dash line) of reduced-oxygen-content side chain polymers in 200 mmol/L (c)
KClg) and (d) KPF6(aq). Transistor channel width/length = 4000 um /10 um. Vp =-0.6 V for all

measurements.
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Table 2-1. Polymer Properties

PSMEEMT | P3APPT | PSAAPT | P3PAAT
M., (kg/mol) 11.2 10.5 12.4 9.1
b 1.46 151 1.38 1.91
Optical gap (eV) ? 2.07 1.92 1.89 2.22
Film thickness (nm) ~ 80 ~ 77 ~ 95 ~ 94

See Figure Al.
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2.2.2 EIS and QCM-D Characterizations

To understand the reason behind the observed pC” trend, we next utilized electrochemical
impedance spectroscopy (EIS) to measure the volumetric capacitance C” of the polymers. Briefly,
the impedance of the polymer (gold/polymer/electrolyte) was measured through a small alternating
current (AC) perturbation applied on top of a constant direct current (DC) doping bias. The
impedance results were then fitted to an equivalent circuit, and the C* was determined as the
capacitor value divided by the polymer film volume. Figure A9 and Figure A10 show Nyquist
plots and Bode plots of all four polymers in both KCI and KPFg solutions, respectively. For the
reference PSMEEMT polymer, we observed only one quarter-circle in the Nyquist plot (Figure 2-
3b) and one phase peak (at ~ 1 Hz) in the Bode plot (Figure 2-3b). This result indicates only one
capacitor component in the system, and a simplified Randles circuit (Figure 2-3a) is adequate to
describe the polymer/electrolyte system.5%2 In a simplified Randles circuit, resistance 1 (R1) and
resistance 2 (R2) are usually interpreted to represent the solution resistance and polymer resistance,
while CPE; represents the counterion-polaron pairs either throughout the bulk polymer film (i.e.
volumetric capacitance in an OECT) or at the polymer/electrolyte interface (i.e., double layer
capacitance in an electrolyte-gated organic field-effect transistor).?® Note that we used a constant
phase element (CPE) instead of a pure capacitor in the equivalent circuit. CPE is a common
equivalent electrical circuit component representing an imperfect capacitor. More details about the
use of the CPE and the conversion of the CPE to capacitance is described in supplemental
information.

As the side chain hydrophilicity decreases, we begin to recognize two quarter/semi-circles in
the Nyquist plots and two phase peaks in the Bode plots for PSAPPT and P3AAPT in both KCI

and KPFeg solutions (Figure 2-3c, Figure 2-3d, Figure A9 and Figure A10). We thus applied the
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Kovac’s circuit (Figure 2-3a) as the equivalent circuit because of the existence of two capacitor
components in the system.52%3 CPE; is typically 1 to 2 orders of magnitude larger than CPE; in
our results. The position of the CPE> phase peak is smaller than 1 Hz, while the position of CPE1
phase peak is typically larger than 100 Hz. We used CPE; for further C" calculations. The two
capacitor components could indicate “the inhomogeneous counterion-polaron pair formation”
phenomenon proposed for polymer/electrolyte systems. One possible explanation of this
phenomenon is that both double layer capacitance (interfacial doping) and volumetric capacitance
(volumetric doping) coexist in the polymer/electrolyte system of some range of conditions.?>°
This situation could arise if domains with different hydrophilicity and stiffness existed in the
polymer film. The interfacial doping occurs in more hydrophobic and stiffer region, while the
volumetric doping appears in more hydrophilic and softer domain, and CPE; and CPE represent
double layer capacitor and volumetric capacitor, respectively. The 1 to 2 order(s) of magnitude
difference between CPE: and CPE:> supports the theory.

Alternatively, CPE: might represent counterion-polaron pairs formed at the
crystallite/amorphous interface while CPE> could represent counterion-polaron pairs formed
within crystalline domains when ions penetrate the crystallites at lower frequency. Previously,
Thomas et al. have suggested electrochemical doping (formation of counterion-polaron pair) of
poly(3-hexylthiophene) (P3HT) starts first at the crystallite/amorphous interface, followed by ion
injection into the crystallites and eventually doping occurred within the crystallites.®* Guardado et
al. demonstrated counterions only penetrate the P3HT crystallites at lower frequency and tend to
stay in the amorphous regions at higher frequency.®® This explanation makes sense with the context
of our data. For the reference polymer, P3SAMEEMT, because ions can penetrate the crystallites and

approach the polymer backbone more easily due to its more hydrophilic side chain, the doping of
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P3MEEMT tends to occur simultaneously at crystallite/amorphous interface and within crystallites.
And thus, only one capacitor component (CPE?) is observed. As the side chain hydrophilicity
decreases, the reduced-oxygen-content side chain polymers behave more like P3HT, and the
doping tends to be faster at crystallite/amorphous interface, and slower within crystallites. Our
previous study supports this hypothesis and shows the PSMEEMT lamellar spacing expands
already when in contact with aqueous solution (easier for ion injection), while P3HT lamellar
spacing only expands after a doping bias applied.?*

For P3PAAT in KPFs solution (Figure A9h and Figure A10h), we also observed two capacitor
components in the impedance spectrum. In contrast, for P3PAAT in KCI solution (Figure A9g and
Figure A10g), we found only one smaller capacitor component with a phase peak at ~ 100 Hz
(CPEy), indicating either only double layer capacitance exists in the polymer/electrolyte system or
only counterion-polaron pairs mainly at crystalline/amorphous interface exist. We note that similar
C” results were obtained from fitting the wider range of impedance spectrum (10° Hz to 10! Hz)
with Kovac’s circuit (this work) and from fitting the impedance spectrum only at lower frequency
(10! to 10! Hz) with RC (or R-CPE) circuit. The latter method has been commonly used in the
literature.>0%

Figure 2-4a shows the volumetric capacitance (C*) of polymers in KCI, KPFs and KTFSI
solutions as determined via the EIS fits to the Kovac’s equivalent circuit show in Figure 2-3, Figure
A9, Figure A10 and Figure A11. The C" is obtained at a fixed potential above threshold (|Vdoping|
— [V1|) of 0.13 V (vs. Ag/AgCl) for all cases. For the kosmotropic CI- anion, we found C” is very
sensitive to oxygen content and position on the side chain: we obtain larger C” values where there
are more oxygens on the side chain, or if the oxygen atom is farther from polythiophene backbone.

Consistent with previous reports for hydrophobic polymers like P3HT,?67 we find that using more

31



chaotropic anions like PFs” and TFSI- results in higher C* overall. While the use of chaotropic
anions decreasing the overall sensitivity of the C* to the side chain structure, the same general
trend holds, with PSMEEMT having the highest C* and P3PAAT having the lowest C”, regardless
of the counter anion species. Figure A12 shows the charge injected in each polymer during three
consecutive cyclic voltammetry (CV) scans in both KCI and KPFs solutions. Figure A13 shows
the positive correlation between C* and normalized charge injected during CV scan and verifies
the C” trend shown in Figure 2-4a. Table A1l summarizes the Vt and C” results of P3APPT and
P3AAPT in 100 mmol/L KTFSlg).

We further measured passive swelling of the polymers via quartz crystal microbalance with
dissipation mode (QCM-D). Passive swelling tracks the polymer film thickness change upon in
contact with aqueous solution (with no potential bias applied). We followed a standard procedure
commonly used in the field.3*%8%8 In brief, the mass change of polymer film in between air and
aqueous solution is determined from the vibrational frequency change of the quartz crystal using
the Sauerbrey equation.®® Figure 2-4b shows the passive swelling level of all four polymers in
deionized (DI) water. We did not observe significant differences between the passive swelling
levels for the polymers in DI water, in KCI, or in KPFs solutions. PSMEEMT has the highest
passive swelling level (= 121 %), which agrees with our previous measurement through atomic
force microscopy (AFM) (105 + 30%).2* P3APPT (= 55 %) and P3AAPT (= 57 %) have similar
passive swelling levels. P3PAAT exhibits the lowest passive swelling (= 14.5 %). Comparing the
passive swelling levels of P3AAPT and P3PAAT, it is clear that the oxygen atom on the farther
end of side chain enables more water molecules to diffuse into polymer film, in spite of the higher
crystallinity of P3AAPT compared to P3PAAT. This result agrees with the previous MD and dry

film studies, as an extended solvation domain is created due to the cooperative effect between the
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EG units on the farther end of side chain of the adjacent polymer backbones.®’ Notably, the passive
swelling level is correlated to the C” in this family of polymers, which is reasonable as more anions
could migrate into the film and compensate the polaron if larger solvation domains exists in the
polymer film.

Figure 2-4c shows the water contact angle results of the four polymers. We found the trend
of water contact angle agrees with the trend of passive swelling level, and is anticorrelated with
C” when using CI- anion. Among the four polymers, PBMEEMT is the most hydrophilic polymer
with the lowest water contact angle (46.51 + 3.66°) and P3PAAT is the most hydrophobic polymer
with the highest water contact angle (101.53 + 2.14°). The water contact angle of PSAPPT (71.37
+ 0.32°) and P3AAPT (77.10 + 4.16°) are similar. Figure Al4 shows the contact angle
measurement images of the four polymers.

Comparing the trends of pC” and C*, we conclude that the C” is the dominant factor
controlling the variation of OECT figure of merit across this family of polymers. This conclusion
is also consistent with our observation of relatively constant hole mobilities across this family
(Figure A15 shows the OECT hole mobility of the polymers). Even though P3APPT and P3AAPT
have higher crystallinity in the dry film compared to PSMEEMT, % we did not observe significant
difference in OECT hole mobility. This result, while surprising for a dry FET, is reasonable for an
OECT, as the polymer film is in a hydrated state and the hole mobility is dependent on the doping
level.**%* In summary, more oxygen content on the side chain, or having an oxygen atom on the
farther end of the side chain creates larger solvation domains and results in more passive swelling
and higher C”, accounting for the predominant differences in the uC” product for different members

of this family of polymers.
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Figure 2-3. Polymer EIS results.
(a) Randles circuit (left) and Kovac’s circuit (right). Resistor (R) and constant phase element (CPE).
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2.2.3  Spectroelectrochemistry and Electrochemical Doping and Dedoping Kinetics

Figure A16 and Figure A17 show the UV-vis absorption spectra of the four polymers in KCI and
KPFe solutions, respectively, under different doping potentials. We thoroughly dedoped the
polymer films between each doping cycle. We found the n-n” peak absorbance decreasing and the
polaron peak absorbance increasing as the potential bias applied, vice versa when the dedoping
bias was applied. This phenomenon indicates reversible doping and dedoping of polymers within
the water potential window. We measured the n-n" peak at ~ 530 nm for both P3APPT and
P3AAPT, ~ 480 nm for PSMEEMT and = 460 nm for P3PAAT. A broad polaron peak is at = 750
nm for all 4 polymers. A vibronic progression feature is observed for both P3APPT and P3AAPT
in the neutral and slightly doped states, which suggests increased planarization and ordering of
polymer backbone as reported by Onorato et al.%° In contrast, we did not observe the vibronic
progression feature in PSAMEEMT and P3PAAT, likely because the oxygen atom closer to the
polymer backbone lowers the along-backbone ordering. Upon increasing the doping bias, the ratio
between the 0-0 and 0-1 vibronic features increases for both P3APPT and P3AAPT, consistent
with H-type aggregates (mainly in crystalline domain) being doped prior to other regions of the
film.®470 This observation is similar to Thomas et al.’s results with P3HT, in which they concluded
the counterion-polaron pair first formed at crystalline amorphous interface, within crystalline
region and lastly in amorphous domain.®* Our spectroelectrochemistry results thus support the
notion of the formation of an inhomogeneous distribution of counterion-polaron pairs within the
polymer film.

Figure A18 shows the comparison of the polaron and n-n~ peak absorbance change upon
doping in KCland KPFe solutions. Consistent with the impedance measurements discussed above,

itis clear that higher doping levels are achieved for all polymers with chaotropic PFe” as the counter
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anion compared to kosmotropic CI- as the counter anion. We also observed the -~ and polaron
peak absorbance start to change at lower potential biases with PFg™ as the counter anion, indicating
the lower doping threshold of PFe™ anion compared to CI™ anion. This result verifies our earlier
contention that the chaotropic counter anion lowers the doping threshold and enables higher doping
level of the polymers, in agreement with our EIS and OECT results.

Interestingly, we observe an isosbestic point in the UV-Vis spectra of the three reduced-
oxygen-content side chain polymers in KCI solution (Figure A16). The isosbestic point implies
the clear conversion of polymer between neutral state and doped state. In contrast, in PSMEEMT,
we observed slightly red shift of n=-n~ peak and we did not observe the isosbestic point. We also
did not observe an isosbestic point for all polymers in KPFs solution (Figure Al7). Table A2
summarizes polythiophene derivatives with isosbestic points observed in the
spectroelectrochemistry. We suspect the occurrence of an isosbestic point is related to either larger
distance between counter anion and polaron or the abrupt polymer structure change upon
electrochemical doping. Further investigation on this phenomenon is undergoing in our lab.

To investigate how oxygen content and position on the side chain affect the electrochemical
doping and dedoping kinetics, we monitored the change of n-n" peak absorbance over time when
doping bias was applied (Figure 2-5a). Figure 2-5b shows the n-m peak absorbance decreases
during doping potential applied in KPFg solution, and in KCI solution (Figure A19a). Figure A19c,
S19d show the increasing of n-n~ peak absorbance when switching from doping potential to
dedoping potential. To account for the doping threshold difference between the CI- and PFs™ anion,
the doping potential used was +0.5 V (vs Ag/AgCI) for PFe¢ anion and +0.7 V (vs Ag/AgCl) for
CI" anion. The dedoping potential applied was -0.5 V (vs Ag/AgCl) for both anions. We used

biexponential equations for fitting doping and dedoping kinetics results.
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Figure 2-5¢ shows the distribution of doping time constants for eight polymer-ion pairs. Since
no significant passive swelling difference was observed in KCI or KPFg solutions, we suggest that
the initial hole mobility of the undoped polymer film is similar when in contact with KCI or KPFg
solution. We thus propose that ion motion in the polymer film is the initial rate-determining step
in the electrochemical doping process, especially for the reduced-oxygen-content side chain
polymers. This result is consistent with both the counterion and side chain dependence of the
kinetics. We found faster doping speed (or smaller doping time constants) with more oxygen atoms
on the side chain, meaning more hydrophilic side chains facilitate faster ion motion in the polymer
film. Comparing the polymers with only one oxygen atom, we find faster doping kinetics when
the oxygen atom is farther from the polymer backbone (P3AAPT) compared to closer to the
polymer backbone (P3PAAT). This result indicates polar functional groups farther from the
polymer backbone are beneficial for ion movement in the polymer film, which is reasonable
considering ions need to approach the polymer backbone from farther end of the side chain. In
addition, we demonstrated faster doping kinetics with chaotropic PFe anion compared to
kosmotropic CI" anion for all four polymers, even though higher doping level is achieved with PFg”
anion. This result is consistent with our previous studies and verifies that the bulky anion moves
faster in the polymer film, possibly because the chaotropic anion is surrounded with less water
molecules and is more polarizable compared to the kosmotropic anion. We also noticed that the
doping speed is less affected by the side chain hydrophilicity when using PFs™ as counter anion
compared to CI', likely because of the more hydrophobic nature of PFg anion.

Figure 2-5d shows the distribution of the dedoping time constants. Though most of the studies
to date focus more on doping kinetics, dedoping Kkinetics are also crucial, and can determine the

device turn off speed in neuromorphic computing application and discharging speed in
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battery/supercapacitor applications. Interestingly, we find the dedoping speed is less affected by
side chain oxygen content and ion species. While one might thus be tempted to attribute the
dedoping kinetics to the hole mobility in the polymer, the measured dedoping time constants (=
101 s) are not at the correct order of magnitude if dedoping only depends on hole drifting (= 107
s), assuming a 1 V bias and 100 nm thick film, with a 10 cm?Vs mobility. A more complex
process like coupled polaron-counterion movement may be involved during dedoping. Table 2-2
and Table 2-3 summarize the electrochemical properties of polymers in 100 mmol/L KClq) and
KPFé(ag).

Recent studies suggested that porous polymer film® or polymer film with nanowire
architecture® enables faster doping kinetics. We thus conducted AFM experiments to investigate
the relation between surface topography and doping kinetics. Figure A20 shows the AFM
topography images of these four polymers. We found P3APPT film is smoother than PSAMEEMT
film, while P3AAPT and P3PAAT films are rougher than P3AMEEMT. We do not find a direct
correlation between film topography and doping or dedoping kinetics for this family of polymers,
as such, we concluded that the kinetics trend observed in this study is not due to the film
morphology difference. Figure A21 compares the roughness of neat polymer films, doped polymer
films (with KPFs), and further with polymer films doped and dedoped for three cycles with KPFe.
We did not observe significant change of polymer film roughness in these three states.

Lastly, we measured OECT Kkinetics with P3APPT in both KCI and KPFg solutions with a
high time resolution capture system. Figure 2-6 shows the OECT transient measurement of
P3APPT in KCl and KPFe solutions, The time resolution of the data capture is 1 ms. The drain
voltage was fixed at -0.6 V and a gate doping bias was applied around 9 s and removed at 59 s.

The gate voltage used was -0.5 V (vs Ag/AgCl) for KPFe solution and -0.7 V for KCI solution.
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We showed that OECT Kinetics results agree with spectroelectrochemistry kinetics results: (1)
doping speed is ion dependent and faster doping speed for PFs™ anion (~ 0.58 s) compared to CI
anion (= 9.0 s) (2) dedoping speed is less ion dependent (=~ 0.011 s for both ions) and (3) we observe
a faster dedoping speed compared to doping speed. We noticed that the difference between doping
and dedoping speed is further amplified in the OECT measurement compared to the
spectroelectrochemistry measurement. We attribute this result to a combination of the differences
in Kinetics, and a difference in measurement and device geometry. In spectroelectrochemistry, the
direction of polaron injection is perpendicular to the transparent, conducting FTO substrate. In
contrast, polarons are injected from source electrode into channel conjugated polymer in OECT,
which is parallel to the substrate. In the OECT, as soon as a small region is dedoped, the OECT
turns “off”, while in spectroelectrochemistry, we probe the entire concentration of polarons

through the film stack.
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(a) UV-Vis spectra of P3APPT change over time when doping in 100 mmol/L KPFsg). Doping

potential = 0.5 V vs. Ag/AgCl. We plotted the spectra change every 0.5 s from 0s to 60s. (b)
Normalized n-n* change of P3APPT, P3AAPT and P3PAAT in KPFe(g). Dash lines represent the
fitting results. (c) Doping and (d) dedoping time constants of polymers in 200 mmol/L KClaq) (red)

and KPFe@q) (blue) via spectroelectrochemistry. Dash lines are guide for the eye. Note that

P3PAAT has the lowest doping level but the doping speed is still the slowest.
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Comparison of OECT transient measurements of P3APPT polymer in 100 mmol/L KClg) and
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Table 2-2. Summary of Electrochemical Properties of Polymers in 0.1 M KClI

uc a cb HoecT © Vrd Tdoping ¢ Tdedoping |
(Flcm-V-s) | (Flcm?®) (cm?/V/:s) (V) (s) (s)
PSBMEEMT 9| 49.1+5.0 | 2155 ~0.23 -0.56 £ 0.01 | 0.82 £ 0.03 ~ 0.63
P3APPT 305+22 | 81.0+128|0.38+£0.09 | -0.58+0.01 | 6.00+1.82 | 0.13+0.05
P3AAPT 92+28 | 254+1.7 |0.36+0.13 | -0.56+0.01 | 11.09+ 2.02 | 0.70+0.28
P3PAAT NA 1.3+04 NA NA 19.59+0.88 | 10.16 + 1.02

Table 2-3. Summary of Electrochemical Properties of Polymers in 0.1 M KPFe

LLC* a cb HoECT ¢ V7 d Tdoping ¢ Tdedoping f
(Flcm:V:s) (F/lcm?®) (cm?/V/:s) (V) (s) (s)
PSMEEMT ¢ | 96.7 £ 10.2 ~ 259 ~ 0.37 -0.42+£0.01 | 0.71£0.02 ~ 0.46
P3APPT 41.3+2.8 | 152.0+21.1|0.27+£0.06 | -0.27+0.01 | 1.88+0.48 | 0.76 £ 0.33
P3AAPT 332+£33 | 167.2x7.7 | 0.20£0.03|-0.35£0.01 | 3.47+1.06 | 0.32£0.06
P3PAAT 133+14 84.0£59 |0.16+£0.03|-0.47+0.01|4.03£0.29 | 8.18+0.40

a. uCis obtained via Eq. 1 with gm at [Ve| — [V+] = 0.13 V. Vp = -0.6 V. Error bars represent
standard error of the mean.

© oo o

Error bars represent standard error of the mean.
f. Electrochemical dedoping time constant via spectroelectrochemistry. Vedoping = -0.5 V (Vs
Ag/AgCI). Error bars represent standard error of the mean.
g. Obtained from Flagg et al.?

C” is measured at [Vaoping| — V1| = 0.13 V. Error bars represent standard error of the mean.
Obtained via dividing uC” by C". Error bars represent standard error of the mean.
See Figure A4. Error bars represent standard error of the mean.
Electrochemical doping time constant via spectroelectrochemistry. Voping = 0.7 V' (vs Ag/AgCI).
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2.3 CONCLUSIONS

We compared three different side chain polymers and P3SAMEEMT, highlighting the importance of
oxygen content and its position in the side chain on many aspects of electrochemical doping and
OECT operation. First, we found increasing OECT figure of merit, uC”, and doping speed with
increasing oxygen (ethylene glycol) content on the side chain, or with the oxygen atom farther
from the polythiophene conjugated backbone. Second, we showed that the variations in pC”
between polymers is largely a result of variations in the C” as a result of the oxygen content and
position. Both more oxygen content on the side chain, or having the oxygen atom farther from the
backbone, result in more passive swelling and higher C*. Replacing the oxygen atom close to the
polythiophene backbone with an alkyl unit increases the film =-stacking crystallinity (higher
electronic mobility in the undoped film) but sacrifices the available doping sites (lower C* in
OECT). We emphasize the importance of balancing p and C” while designing molecular structure
for OECT materials, and the necessity to develop specific molecular design strategy for different
mixed ionic-electronic conducting applications. To design high pnC” material, our results indicate
that single EG unit on the side chain may not be sufficient regardless of position, but farther from
the backbone helps by allowing the EG units to form extended solvation domain between two
adjacent polymer chains. We speculate that future designs could balance EG contents in longer
side chains, focusing on small numbers of EG units in the 2-3 range, and with the EG units
positioned some distance from the backbone to maintain both moderate swelling and high n-
stacking crystallinity. In addition, all three reduced-oxygen-content side chain polymers exhibit
higher pC”, lower doping threshold and faster doping kinetics with chaotropic PFs” anion compared
to kosmotropic CI™ anion. This result is consistent with our previous studies and suggests the

superiority of chaotropic anion as counterion in p-type accumulation mode OECTSs. Using
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chaotropic counter anion may improve the OECT performances especially in neuromorphic
computing application, in which faster kinetics and lower doping threshold are critical. We note
that we chose all polymers to have a 9-atom-length side chain in this study to isolate the effects of
the oxygen position, and further OECT studies on polymers with different side chain lengths and
varying oxygen positions could thus provide more insights. Finally, we found that, compared to
the doping speed, the dedoping speed is generally faster and less dependent on ion species or side
chain oxygen content. These results may prove useful for the selection of polymers and polymer-
ion pairing to optimize the performance of OECTSs, as well as the kinetics of OECTS, organic

neuromorphic circuitry, and aqueous polymer-based electrochemical energy storage.
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2.4 MATERIALS AND METHODS

Chemicals

Potassium  chloride  (KCI), potassium  hexafluorophosphate  (KPFs),  potassium
trifluoromethanesulfonimide (KTFSI) and chlorobenzene were purchased from Sigma-Aldrich.
All other chemicals, unless otherwise specified, were obtained from Sigma-Aldrich and used as

received.

Polymer Synthesis

The detailed monomer and polymer synthesis are described in the previous studies. 2480

Sample Preparation

All polymers were dissolved in chlorobenzene and stirred overnight at 50 °C. The concentration
of polymer solution is 20 mg/mL. The substrates were cleaned sequentially by sonication in
acetone and isopropanol for 15 min each. The surface of the substrate was then treated with oxygen
plasma for 3 min before spin coating at 1000 rpm (1 rpm = 27/60 rad/s) for 60 s. All electrolytes
were made with Milli-Q water. All electrolytes were degassed before measurements. We degassed

the electrolytes via sparing nitrogen gas into solution (= 10 mL) for over 10 min.

Spectroelectrochemistry

The ultraviolet-visible, UV-Vis, absorption spectra at different doping potential and the
electrochemical doping and dedoping kinetics were measured using a Metrohm Autolab
PGSTAT204 (with NOVA Software version 2.1) coupled with an Agilent 8453 spectrometer.

Polymer was spun casted onto fluoride-doped tin oxide-coated glass (FTO, Sigma-Aldrich, 7 ©/sq)
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and was used as a working electrode. A Ag/AgCl electrode and a Pt mesh was used as reference
electrode and counter electrode, respectively. All three electrodes were submerged into a cuvette
containing either 100 mmol/L KClg) or KPFs(@g). UV-Vis measurements were collected with an
integration time of 0.1 s/spectrum. The decay of the n-n" absorption (Abs) peak over time during
electrochemical doping is fit to the biexponential function: Abs(t) = a1 e~*/*1 + a,- e~*/*2, And
the doping time constant is defined as ai- T, + a2* T,. The recovery of the n-n~ absorption peak
over time during dedoping is fit to the biexponential function: Abs(t) = bi-(1- e~¥/71) + by(1-

e~t/T2). And the dedoping time constant is defined as b1* T, + bz* T,.

Organic Electrochemical Transistor (OECT) Device Fabrication and Characterization

OECT devices comprised lithographically patterned gold on glass substrates (see lithography
process below) with transistor lengths of 10 pm and widths ranging from 100 pm to 4000 pum.
Reduced-oxygen-content side chain polymers were spun casted onto OECT substrates and were
carefully removed except at the electrode junction region via cotton tips under microscope. Cotton
tips were slightly dampened with acetone solution. An insulating layer containing cellulose acetate
and acrylates copolymer (Nail polish: Sally Hansen, Insta-Dry Top Coat) was then applied to avoid
the direct contact between electrode and electrolyte during further characterizations. Devices were
measured in degassed electrolytes. The electrolyte (r 1 mL) was contained in a
polydimethylsiloxane (PDMS) reservoir during OECT measurements. The assembly of the OECT
substrate, the PDMS reservoir and the electrical connections were achieved via a 3D-printed holder.
Transfer curves were measured by varying Ve from 0 V to -0.7 V and then back to 0 V (vs.
Ag/AgCI). The Vp was fixed at -0.6 V. For KCI electrolyte, the step size of V¢ was either 0.01 V

with 5 s between each step or 0.05 V with 20 s between each step. For KPFs electrolyte, the step
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size of Ve was 0.01 V with 2.5 s between each step or 0.05 V with 10 s between each step to ensure
reaching steady-state and minimizing hysteresis between forward and backward scans.

The detailed lithography process: NR9-3000PY negative resist (Futurrex, Inc.) was deposited
on cleaned glass wafers with diameter equals to 0.1016 m (University Wafer, Inc.) through spin-
coating, followed by UV light exposure (ABM-SemiAuto-Aligner) and resist development. Metal
deposition (10 nm chromium or titanium and 100 nm gold) was accomplished through sputtering
(Evatec LLS EVO Sputter System) or evaporation (CHA Solution e-beam evaporator). The resist
lift-off was achieved by soaking wafers in acetone solution overnight. The wafers were then diced

using a Disco Wafer Dicer (Disco, America).

Electrochemical Impedance Spectroscopy (EIS) for C* Determination

EIS measurements were performed on gold-coated glass substrates with a defined area of (0.01 or
0.04) cm?. Polymers were spun casted on the gold substrates. A Ag/AgCl electrode and a Pt mesh
was used as reference electrode and counter electrode, respectively. The polymer was first
electrochemically doped at specific direct current (DC) potential bias (ranging from 0.2 V to 0.7
V vs Ag/AgCl) for 60 s (unless otherwise specified), and the alternating current (AC) perturbation
(Sine wave with 10 mV amplitude and frequency from 10° Hz to 10! Hz) was then performed on
top of the DC potential bias. The obtained EIS data was fit to either a Randles circuit®®®? or a
Kovac’s circuit.’?®® Fitting was performed with the Metronm NOVA software or Python

impedance.py package.’* The definition of X2in this study:

= (3, [(ZRe,Data = Zrerit)” + (Zimg,pata = Zimg,Fit) ] )/(n —m @)

2 2
(Zre,pata” + Zimg,pata”)
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Where n is the number of data points and m is the number of adjustable parameters in the fit
(number of circuit element in the equivalent circuit). Zre,paa and Zre rit represent the measured and
fitted real part of impedance. Zimgpata @Nd Zimg it represent the measured and fitted imaginary part

of impedance, respectively.

Quartz Crystal Microbalance with Dissipation (QCM-D)

QCM-D measurements were conducted using a Q-sense Explorer (Biolin Scientific) on
gold/titanium coated sensors. Passive swelling was calculated the following way. First, we
recorded the frequency of the bare gold coated sensor in air and subsequently in deionized (DI)
water. The crystal was then removed, and polymer solutions were spin coated onto the
premeasured sensor. We then measured the polymer coated sensor in both air and DI water. Using
the “stitch data” function of the QSoft401 software, we compared the frequency of the bare and
coated sensor. The thickness of polymer layer in both air and water were computed using the

Sauerbrey equation:®°

-17.7

Am = Af, 3)

Where Am is the areal mass, n is the overtone number and Af, is the change is frequency at the n®"

overtone. We assumed the density of polymers are 1100 kg/m®.

Cyclic Voltammetry (CV)
Cyclic voltammetry measurements were conducted using Metrohm Autolab PGSTAT204

potentiostat. Polymer was spun casted on the gold substrate and used as a working electrode. A
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Ag/AgCI electrode and a Pt mesh was used as reference electrode and counter electrode,

respectively. The scan rate used is 50 mV/s.

Atomic Force Microscopy (AFM)
AFM data, including topography and scratch edge images for film thickness measurements, were

acquired on an MFP-3D. Polymers were deposited on either FTO or glass substrate.

Contact Angle Measurement
Contact angle measurements were conducted using the custom-built setup with a CCD camera a

height adjusTable Atage. The images were analysed using the FTA32 software.

P3MEEMT Data
P3MEEMT data, except for QCM swelling measurements, contact angle measurements and AFM
measurements, were obtained from our previous study and used directly for comparison to the

reduced-oxygen-content side chain polymers.?*
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Chapter 3. WHY ACCUMULATION MODE ORGANIC
ELECTROCHEMICAL TRANSISTORS TURN OFF MUCH FASTER
THAN THEY TURN ON

This work has been submitted to Nature Materials and is also available on arXiv:

arXiv:2305.01179.

3.1 INTRODUCTION

Organic electrochemical transistors (OECTs) are currently being explored for applications
including bioelectronics,* logic circuit elements,>® and neuromorphic devices.” % As a class of
transistors, OECTs feature high transconductance (= mS),!! low operation voltage (typically < |1
V|),** and direct response to biologically relevant ions’>" and neurotransmitters.’”*" The typically
soft and flexible nature of organic semiconductors used in OECTSs enables the detection of action
potentials>’® and opens the window for applications in brain-machine interfaces and in vivo
sensing.””~"® To unleash the full potential of OECTS, a deeper understanding of the fundamental
transistor operation mechanism is necessary, especially transistor switching behaviors, which are
critical to the training phase of neuromorphic computing and simulating behaviors of arrays of
transistors and their scaling properties.?£°

In OECTSs, organic semiconductors — also referred to as organic mixed ionic-electronic
conductors (OMIECS) in this context — are used as channel active layers, with the most common
materials being conjugated polymers.t3262781.82 The conductivity of an OECT is modulated by the
electrochemical gate potential, which controls the doping level (redox state) of the conjugated

polymer channel. Importantly, in contrast to conventional field-effect transistors (FETs), OECTs
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exhibit volumetric doping: the gate voltage changes the conductivity of the entire volume of the
transistor channel, rather than just the surface layer, and counterions injected from the electrolyte
provide charge compensation for injected electronic carriers.?® At steady-state, the channel current
(Ip) is governed by both carrier mobility and carrier density. The steady-state behavior of OECTs
has been relatively well studied.!®?2737 To benchmark the device performance, the product of
electronic mobility and volumetric capacitance, uC", has been recognized as the material figure of
merit of OECT in steady-state operation.?®

Compared to the steady-state performance, our current knowledge of OECT Kinetics is
limited.’® For example, the switching speed for materials with identical xC" can vary by many
orders of magnitude.® Understanding the switching behaviors of OECTs is crucial for designing
logic units as well as emulating and sensing neural activity, which typically operates at the
frequency of = 100 Hz.”® The widely-used Bernards model describes the transient behavior with
an equivalent RC circuit as the ionic path and makes the quasistatic approximation for the channel
charge distribution.®” Several improved models based on the original Bernards model have been
proposed with more complex equivalent circuits describing the ionic circuit.23#* Recently, Paudel
et al.% demonstrated a 2D-finite element model based on drift-diffusion process and shows the
existence of the lateral ion current during switching, which is neglected in the traditional model.
However, it should be noted that all these Kkinetics studies are based on poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), which operates as a depletion
mode OECT, with the transistor in the on-state when no gate potential is applied. The transient
response of PEDOT:PSS-based OECTs may not be directly comparable to accumulation mode
OECTs. Accumulation-mode OECTSs are generally more favorable for practical applications

because of their comparatively lower energy-consumption, particularly for in vivo bioelectronics

53



and neuromorphic computing. Nevertheless, to our best of knowledge, no studies have yet to
systematically discuss the transient response and device turn-on/turn-off kinetics of accumulation
mode OECTS.

In this article, we study the asymmetric transient behavior of accumulation mode OECTs. Through
operando optical microscopy coupled with OECT characterization, we find that OECT turn-on
occurs in two distinguishable stages: (1) doping front propagation and (2) vertical doping. In
contrast, device turn-off occurs in one continuous stage. We further identify the factors that
contribute to the rapid OECT turn-off behavior including typical faster dedoping kinetics of
conjugated polymers compared to their doping kinetics, the channel geometry, and the carrier
density-dependent mobility. Combining these observations, we propose an empirical model
describing the switching behavior of accumulation mode OECTs and provide physical
interpretations to the response time constants. Lastly, we show that ion transport is the limiting
factor to device kinetics, and we offer guidance for engineering faster accumulation mode OECTSs

from both materials and device perspective.
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3.2 RESULTS AND DISCUSSIONS

3.21  Asymmetric OECT Response Times

Figure 3-1a shows a typical transient response of an accumulation mode OECT: the transistor is
turned on (higher |Ip|) upon gate potential applied and is turned off upon potential removal. We
first tried the Bernards model®’ to describe the transistor switching behavior (Note B1). The
Bernards model expresses the variation of Ip over time as a single exponential function upon a
square Vg pulse, with one RC time constant related to ion transport into the channel polymer.®’
We found that Bernards model fails to predict the transient response of accumulation mode OECTs
from three aspects: (1) the initial transistor turn-on, which manifests as a short delay (Fig. 3-1a,
bottom left) rather than instant turn-on, cannot be well-captured; (2) the transistor turn-on cannot
be described with a single exponential function; (3) the difference in transistor switching-on and
switching-off times cannot be described (Fig. 3-1a). These issues, especially the difference in
transistor switching times, cannot be resolved even if the improved models are applied, which
focus more on interpreting the pre-exponential factor.3384

Figure 3-1b and Table 3-1 display the turn-on and turn-off times of accumulation mode
OECTs from both this paper and our literature survey. We considered published results with
typical planar structure and aqueous electrolyte, which is the most common OECT structure to
date. Figure 3-1b shows that faster device turn-off compared to turn-on is indeed ubiquitous,
though rarely discussed aside from limited reports on PEDOT:PSS.8¢

One hypothesis is that this asymmetry could arise from the switching potentials chosen. Based
on the Butler—VVolmer model, the electrochemical reaction rate is influenced by the activation
potential.28° Since the threshold voltage (V+) varies with different polymer-electrolyte systems,

it is possible that the faster turn-off is the result of smaller voltage difference between Vonand Vr
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compared to Vorr and Vr, namely, [Von — V1| < [Vost — V1|. To rule out the influence of the mismatch
between switching on and off gate potentials, we selected three p-type polymers as examples and
carefully tested their OECT Kkinetics with fixed voltage difference between Vr and switching
potentials. The three conjugated polymers studied here are: poly[2,5-bis-(thiophenyl)-1,4-bis(2-
(2-(2-methoxyethoxy)ethoxy)ethoxy)-benzene] (PB2T-TEQG), poly(3-{[2-(2-
methoxyethoxy)ethoxy]methyl}-thiophene-2,5-diyl) (P3MEEMT), and poly(3-hexylthiophene-
2,5-diyl) (P3HT); and the two aqueous electrolytes are: potassium chloride (KCI) and potassium
trifluoromethanesulfonimide (KTFSI). The chemical structure of the polymers and the device
performance are shown in Fig. B1. After considering threshold voltage, we still observed faster
turn-off behavior (Fig. 3-1b, stars). Clearly, the faster turn-off is not caused by the mismatch
between switching potentials, and the asymmetry in OECT switching times may be related to other

factors such as polymer doping and dedoping kinetics or device geometry.
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Figure 3-1. OECT response times.

a, Transient response of a typical accumulation mode OECT (solid) and the fit with Bernards

model (dashed). The initial stage of transistor turn-on and turn-off are magnified for clarification.

b, Accumulation mode OECT response times in literatures. Each point represents one polymer-

electrolyte pair. Detailed response times and references are listed in Table 3-1. The device response

times measured in this work with carefully chosen gate voltage considering threshold voltage are
represented as star symbols, which are PB2T-TEG (0.1 M KCI), PSMEEMT (0.1 M KCI),
P3MEEMT (0.1 M KTFSI) and P3HT (0.1 M KTFSI). Solid and unfilled stars represent devices
operated in 0.1 M KCI electrolyte and 0.1M KTFSI electrolyte, respectively.
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Table 3-1. Accumulation Mode OECT Response Times in Literatures

Polymer Type | lon Concentration (mM) lon Type Ton (MS) | 7orr (Ms) | Reference Note
gDPP-g2T p PBS buffer PBS buffer 0.269 0.022 5 cOECT
p(g2T-TT) p 100 NaCl 0.42 0.043 %0
P(gTDPPT) p 100 NaCl 0.46 0.08 s

P(bgDPP-MeOT?2) p 100 NaCl 0.516 0.03 o
P(IgDPP-MeOT?2) p 100 NaCl 0578 | 0.063 o
p(gPyDPP-MeOT2) p 100 NaCl 0.77 0.46 92
PBBTL p 100 NaCl 2.7 11 9
PBBTL/BBL blend p 100 NaCl 3.05 1.95 93
TDPP-gTVT p 100 NaCl 7.3 0.3 57
TDPP-gTBTT p 100 NaCl 8.7 0.7 57
PProDOT-DPP p 100 LiCl 150 50 ot
PProDOT-DPP p 100 LiPFg 260 280 o4

P3APPT p 100 KPFg 580 11 » estimation
PIBET-AO p 50 KCI + CaCl, 654 463 %

PIBET-O p 50 KCI + CaCl, 714 526 %

PIBET-BO p 50 KCI + CaCl, 862 429 %

PIBT-BO p 50 KCI + CaCl, | 3500 185 %

P3APPT p 100 KCI 9000 11 % estimation
DPP-DTT (8:2) p 100 KPFs 14705 125 53 400 um, estimation
DPP-DTT (1:0) p 100 KPFg 21739 125 5 400 pm, estimation

PIBET-A p 50 KCI + CaCl, | 29000 1700 %

Polymer Type | lon Concentration (mM) lon Type Ton (MS) | 7orr (Ms) | Reference Note

Homo-gDPP n PBS buffer PBS buffer 0.313 0.031 5 cOECT

BBLis, n 100 NaCl 0.38 0.15 8

BBLgs n 100 NaCl 0.43 0.23 a8
BBLeo n 100 NaCl 0.52 0.24 8
gNDI-T n 100 KCI 0.87 0.18 9 normalized to area
BBLis n 100 NaCl 0.89 0.7 a8
PBBTL/BBL blend n 100 NaCl 1.72 0.38 93
P(gTDPP2FT) n 100 NaCl 1.75 0.15 u

gNDI-V n 100 KClI 2.9 0.32 9 normalized to area
P(gPzDPP-CT2) n 100 NaCl 3 1.8 o7
P(gPzDPP-2T) n 100 NaCl 22.7 10.1 o7

f-BTI2g-TVTCN n 100 NaCl 52 17 8
gAlID-2FT n 100 NaCl 58.5 18.2 9
f-BTI2g-TVT n 100 NaCl 68 27 98
BBLy n 100 KClI 80.3 6.6 100
BBL. n 100 KCI 142 181 100

gAIID-T n 100 NaCl 2133 35.6 9
f-BTI2TEG-FT n 100 NaCl 272 35 101
f-BTI2TEG-T n 100 NaCl 322 39 101

BBL n 100 NaCl 900 200 102 estimation




3.2.2  Comparison between OECT and Spectroelectrochemistry

Because the magnitude of Ip is closely related to the electrochemical doping level of the channel
conjugated polymer, it is possible that faster OECT turn-off is the consequence of rapid
electrochemical dedoping nature of the polymer. To verify this hypothesis, we compared the
doping and dedoping kinetics of spectroelectrochemistry (two-terminal diodes) to the turn-on and
turn-off speed of OECTSs (three-terminal transistors). Figure 3-2a,b display the geometries of the
spectroelectrochemistry and OECT measurements. Figure 3-2c shows the steady-state UV-Vis
spectra, which provides information on the electronic states of the conjugated polymers. When
electrochemically doped, the polymer is oxidized along with the formation of a polaron, resulting
in the bleaching of the n-n” transition peak (= 525 nm) and the increase of the polaron peak (= 680
nm). Figure 3-2d shows the transistor output curves associated with the on-state (doped) and the
off-state (neutral). In addition to the steady-state study, the time-resolved UV-Vis spectra provide
the rate of polaron formation and removal, which we expressed as the time constants: zdoping and
Tdedoping. VWe obtained the time constants from exponential fittings of polaron absorption peak over
time (Fig. 3-2e and Figs. B2 and B3). Below, we referred to similar time constants from the
transient response of OECT switching as 7., and T, in order to distinguish them from the
spectroelectrochemistry time constants (Fig. 3-2f and Figs. B2 and B3). Given the effect of the
activation potential discussed in the previous section, we carefully measured the operando UV-Vis
spectra under the same potential difference with respect to the equilibrium potential, or open circuit
potential (OCP). The V1 and OCP values are listed in Table B1.

Figure 3-2g,h summarize the ratios of zdoping/zdedoping (SPectroelectrochemistry) and zon/zoft
(OECT) of four polymer-electrolyte pairs, respectively. We showed that, in both

spectroelectrochemistry and OECT, the processes involving polymer doping are slower than the
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ones associated with polymer dedoping. However, across all polymers and electrolytes, the
switching difference between these two processes is much larger in OECTs compared to
spectroelectrochemistry. Table B2 reports the collected response times. Interestingly, we found
that the timescale of OECT turn-on is comparable to the timescale for spectroelectrochemical
doping, while OECT turn-off is much faster than spectroelectrochemical dedoping (approximately
10-100x faster). These results suggest that faster OECT turn-off is not simply due to faster polymer

dedoping. We next turn to explore the possible causes.
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Figure 3-2. Comparison between OECT and UV-Vis spectroelectrochemistry.
a,b, Schematic diagram of spectroelectrochemistry (SpecEChem) (a) and OECT (b) experimental
setups. c,d, Typical UV-Vis spectra (c) and OECT output curves (d) of two steady-states
(neutral/doped). e,f, An example transient response of spectroelectrochemistry (e) at polaron peak
absorption wavelength (680 nm) and OECT (f) at saturation region (Vo = —0.6 V). g,h, The
Tdoping/ Tdedoping Measured in spectroelectrochemistry (g) and the zon/zotr measured in OECT (h) for:
PB2T-TEG and PSMEEMT with 0.1 M KCI (solid); PSMEEMT and P3HT with 0.1 M KTFSI
(unfilled) The doping-voltage for spectroelectrochemistry, Vdoping = OCP + 0.2 V, and the
dedoping-voltage, Vdedoping = OCP — 0.2 V. The on-voltage for OECT, Von= V1 — 0.2 V, and the
off-voltage, Vot = V1 + 0.2 V. Time resolution of spectroelectrochemistry is ~ 10 ms and OECT is

~ 10 s. Error bars represent standard error of the mean from multiple cycles.
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3.2.3  Operando Microscopy Characterization

To further understand the origin of faster device turn-off in accumulation mode OECTSs, we probed
the electrochemical doping level of channel conjugated polymer via operando optical microscopy
coupled with a 650 nm long pass filter to selectively monitor polaron formation (Fig. 3-3a). Figure
3-3b shows the transient response of Ip and I during transistor turn-on. We observed an immediate
I response to the Von, which shows a typical spiking and decay behavior, suggesting ion injection
from the electrolyte into the channel polymer. In contrast, Ip remains relatively low initially after
Von applied, which to our knowledge, has not been discussed previously. Figure 3-3c shows the
microscope movie screenshots during turn-on. Darker pixels represent more polaron absorption
and thus a higher electrochemical doping level. We found that OECT device turn-on occurs in two
stages: (1) a doping front propagation stage and (2) a vertical doping stage. We provide detailed
discussions of each stage in the following paragraphs.

During the doping front propagation stage, we found that even though substantial doping
of the channel polymer is already occurring, the growth of the Ip starts only after the doping front
position (xfront) reaches the drain electrode (Fig. 3-3d,e). We thus introduce the doping front

propagation time, t,, as the time required for the doping front to propagate across the entire

channel from the source to the drain electrode, with the value of = 270 ms for this particular device
(L =600 um). We defined xfront as the position of the peak of the first derivative of the absorbance.
Figure 3-3e shows the relatively linear relation between Xsont and time, suggesting the front is
moving at a constant speed, which is = 2.2 um/ms in this case. The fact that we observed the doping
front propagating from the source to drain electrode suggests that the injection of electronic carriers
is occurring primarily from the source electrode during device turn-on. This result makes sense

considering p-type OECTs are typically operated at negative Vg and Vp, and electron removal (or
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hole injection) from channel conjugated polymer (polymer oxidation) will naturally favor the
grounded source electrode instead of negatively biased drain electrode. In addition, we note that
this doping front propagation stage (Ip remains relatively low after Von applied) may be overlooked
if transient response is characterized without enough sampling rate.

In the vertical doping stage, we observed a similar speed of doping of the polymer in the
center of the channel and near both electrodes (Fig. 3-3f,g). We found the speed of Ip increase
(Toecr = 290 ms) and polymer doping (Tspecz = 200 ms) is at the same order of magnitude,
suggesting the Ip increment is largely dominated by the increase of doping level (or carrier density)
along the channel with the underlying polymer acting as an increasingly conductive, planar
electrode. Figure 3-3 shows data from PB2T-TEG, a polymer that undergoes a distinct structural
phase transition upon doping.®® While the ion-induced phase transition in PB2T-TEG provides an
easily resolvable doping front for kinetic analysis, we found the two-stage behavior of a doping
front propagation followed by a vertical doping, is a general across accumulation mode OECT
behavior regardless of cycle numbers, active layer material, or channel length (Fig B4).

For the OECT device turn-off, or the vertical dedoping stage, we observed an immediate
response of both Ip and I to the Vosr (Fig. 3-3h). We did not observe any front propagation event
compared to turn-on. Figure 3-3i,j display the polymer dedoping process along the channel. While
we did not see a clear dedoping front, quantitative analysis of the microscope images shows that
polymer does dedope faster near the source electrode than other positions in the channel (Fig. 3-
3k). This finding partly explains the faster OECT turn-off. The conductive channel is broken by
the dedoping of a thin slice near the electrode: if we consider the transistor channel as a series of
resistors, as long as the resistance of one of the resistors increases (the polymer near source

electrode), the total resistance will increase and thus result in the decrease in Ip. Nevertheless, this
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explanation must be incomplete, as the turn-off speed of Ip is still much faster than the dedoping

speed of polymer near source electrode. As a corollary of this behavior, we found that even though

the transistor is in the off-state already, dedoping of the channel polymer is not fully completed as

noted by the absorbance in the polaron band (Fig. 3-3k). This phenomenon suggests that, through

shortening the off-interval (or increased duty), faster OECT turn-on in the subsequent cycle can

be readily achievable, as the channel polymer is already in slightly doped state (Note B2). We

speculate that this behavior may be useful in particular for designing OECT-based spiking neural

networks”® and emulating neuron dynamic filtering function.**'%* We next considered whether

carrier-density dependent mobility can account for the remaining acceleration of the turn-off time.
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Figure 3-3. Operando optical microscope coupled with OECT switching.
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a, Operando optical microscope setup schematics. b, Potential and current response during turn-
on. ¢, Microscope movie screenshots during turn-on with timestamp labels. Darker pixel represents
higher polaron concentration. d, Normalized polaron absorption along channel over time during
doping front propagation stage (stage 1 in turn-on). e, Comparison of Ip and moving front position
over time during doping front propagation stage. f, Normalized polaron absorption along channel
over time during vertical doping stage (stage 2 in turn-on). g, Comparison of Ip and normalized
polaron absorption over time at selected positions during vertical doping stage. The solid lines
indicate the fits. The insert image shows the selected positions over the channel. h, Potential and
current response during turn-off. i, Microscope movie screenshots during turn-off with timestamp
labels. j, Normalized polaron absorption along channel over time during turn-off, or vertical
dedoping. k, Comparison of normalized Ip and normalized polaron absorption at three selected
positions over time. The insert image shows the selected positions over the channel (labeled as
source, center and drain). A 650 nm long pass filter was used, and the red channel intensity is used
to calculate the polaron absorbance. The polymer used here is PB2T-TEG, and the electrolyte is
0.1 M KCI. The transistor channel length is 600 pm, and the film thickness is = 120 nm. The drain
potential is fixed at -0.6 V.
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3.2.4  Carrier Density-dependent Mobility

Figure 3-4a shows the transient response of the Ip, carrier density and average carrier mobility
during the transistor turn-off. We calculated the carrier density using both the integral of gate
current over time and average polaron absorbance along the channel during the vertical dedoping
stage and both results are in good agreement (Fig. B5). We then estimated the average hole

mobility in the channel during turn-off via:

b= (gaz) 2 1)

w-d-eVp/) p

assuming a linear electric field along the channel, where 4 is the average carrier mobility, p is the
hole density, e is the electron charge and Vp is the drain voltage. L, W, and d represent channel
length, width, and thickness, respectively. We found the turn-off rate of Ip is comparable to the
rate of the carrier mobility decay, which, due to the non-linear relationship between density and
mobility in conjugated polymers, is about one order of magnitude faster than the carrier removal
rate. This result agrees with what we have observed previously that the OECT turn-off speed is
about an order of magnitude faster than polymer dedoping speed measured by
spectroelectrochemistry (Table B2).

Figure 3-4b shows the calculated carrier mobility and extracted carrier density relation
required to explain our data. We found that carrier mobility is indeed carrier density-dependent,
especially in the high carrier density region. Previously, Friedlein et al. had demonstrated that the
steady-state OECT performance could be well characterized if carrier density-dependent mobility

is considered, with the relation between mobility and density being:
Eo

wo=pp (p%)k’TT_l )
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where u, is mobility prefactor and p, is zero-filed hole concentration. E, describes the energetic
width of the tail of the density of states, kg is Boltzmann’s constant and T is temperature.'%® This
equation captures the filling of the density of states (DOS) due to energetic disorder in conjugated
polymer materials.'% We found this relation also fits our carrier mobility and density data well.
Note B3 describes detailed fittings and discussions of Eqn 2. We concluded that the carrier density-
dependent mobility explains why the OECT turn-off is even faster than the dedoping of polymer
near source electrode: not only carrier density, but also the carrier mobility decreases significantly

at the initial stage of device turn-off, and both carrier mobility and carrier density contribute to Ip.
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Figure 3-4. OECT mobility and carrier density.
a, Transient response of Ip, carrier density and average carrier mobility during the PB2T-TEG
transistor turn-off. Solid line indicates the fit with biexponential equation. b, Calculated carrier
mobility as a function of carrier density using egn (1). Solid line indicates the fit with the egn (2).
The good fit of the classic density-dependent mobility formula to the experimental data based on
the measured current and carrier density suggests the importance of carrier density-dependent

mobility in explaining the rapid turn-off of OECTSs.
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3.25  Engineering Faster OECTs

With the transient behavior knowledge from operando microscopy, we expressed the two-stage

turn-on with an empirical biexponential equation including the initial front propagation time (tp):

_ttp _ttp
|ID, Norm(t)l = Al ' <1 — e Tl’on> + AZ ' (1 — e TZ’””)I A1 +A2 =1 (3)

where 71, on and 72, on are time constants associated with the vertical doping stage. A1 and Az are two
constants with the value of A; typically ~ 0.7 (Fig. 3-5a). For one-stage transistor turn-off, we

described Ip as:

t

|ID, Norm(t)l =e Tof (4)
where 7o IS the time constant expressing vertical dedoping (Fig. 3-5a).

To understand how the factors in Eqn. 3 depend on experimental conditions, we next
studied how operation variables including potential and device geometry affect OECT switching
behavior (Fig. 3-5b—e and Figs. B6-B12). During the doping front propagation stage, we found
smaller t, with shorter channel length as expected because the doping front is propagating at a
relative constant speed. Surprisingly, we found t; is relatively independent of the drain potential.
This result suggests that ion transport from electrolyte into the polymer channel, instead of
electronic transport from the source electrode, is limiting the front propagation speed. Indeed, we
found faster front propagation (smaller t, values) with higher gate potentials, as the increased gate
potential speeds up ion movement. We further demonstrated smaller t, with increased ion
concentration, thinner channel active layer and bulky anion,?*? all associated with shorter ion
transport time from electrolyte into polymer channel.

In the vertical doping and vertical dedoping stages, we found a similar trend of 71, on and

Toft cOmpared to t,, namely, smaller 71, on and oft if the ion transport time from electrolyte into
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polymer layer is reduced (higher gate potential, increased ion concentration, thinner polymer layer
and bulky anion?*?°). We hypothesize that smaller 71, on and zoft With shorter channel length is akin
to charging and discharging a capacitor, where smaller capacitance (shorter channel length) results
in faster charging and discharging. In contrast, the slower 7z, on, with the magnitude of = 2-3 s, is
less dependent on all operation variables. We propose that 7, on iS associated with polymer
structural relaxation or ionic/electronic charge reorganization, as recently suggested by Wu et al.2%’
In addition, we noticed that when |V — V1| > |Vp|, or when the device is operated in the linear
region (shadowed area in Fig. 3-5d and Fig. B13), the difference between turn-on and turn-off
response time becomes smaller. This result is reasonable as the transistor behaves like a diode-like
spectroelectrochemistry device when drain potential is decreased.

Finally, we demonstrated a SPICE circuit model that accurately reflects transient asymmetry
of accumulation mode OECTSs by incorporating a time-dependent channel resistor into the existing
model 8419 The detailed SPICE simulation methods and results are in Note B4. To sum up, from
the device perspective, shorter channel length, thinner polymer layer and higher gate potential (not
drain potential) facilitate more rapid device switching. From the materials perspective, one could
increase ion concentration, select a bulky counter anion, or design polymer with high ionic

conducting ability or with rigid backbone. %010
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Figure 3-5. Dependency of OECT response times on the operation variables.

a, Transient response of a typical accumulation mode PB2T-TEG OECT and the fitting equations.

b, Relation between time constants and channel length. ¢, Relation between time constants and ion
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concentration. d, Relation between time constants and Vp. e, Relation between time constants and
Ve — V1|. Transistor channel width is 2.5 or 5 mm, and the thickness is =50 nm for all cases.
Electrolyte is 0.1 M KCI and transistor channel length is 100 um unless otherwise specified. Vp is
—0.6 V and |V — V1] is 0.2 V unless otherwise specified. Error bars are standard error of the mean

from at least 3 different devices. Dashed lines are guide to the eye.
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3.3 CONCLUSIONS

We show that three different conjugated polymers exhibit much faster turn-off compared to turn-
on when used to make accumulation mode OECTSs. This behavior, while ubiquitous in the
literature, is rarely discussed, and is inconsistent with many common OECT models. Using
operando optical microscopy, we demonstrate that device turn-on occurs in two temporally and
spatially distinct stages: first, a doping front propagates from the source to the drain; second, the
partially doped channel continues to dope more homogeneously. In contrast, turn-off occurs in a
single step, with the kinetics varying weakly across the channel and the fastest dedoping occurring
near the source. We identify several factors contributing to faster device turn-off including channel
geometry, differences in doping and dedoping Kinetics, and the physical phenomena of carrier
density-dependent mobility. In this limit, reducing channel length can be very important to
reducing turn-on time due to the initial doping front propagation step. Second, doping processes
are generally slower than dedoping, a factor we hypothesize is due to the rearrangement of the
polymer that accompanies the doping process. Nevertheless, the doping front propagation and
asymmetry of doping and dedoping rates are still insufficient to explain the large differences in
turn-on vs. turn-off times for OECTs. The final key piece which we propose to explain the rapid
turn-off is density-dependent mobility. Notably, the functional form of the mobility that we extract
using this hypothesis is in excellent agreement with previous reports of the function dependence
of carrier mobility on charge density in organic semiconductors. Finally, we show that ion
transport is limiting the device speed in that it controls both doping and dedoping kinetics. These
observations provide guidelines for engineering faster accumulation mode OECTs from both
materials and device perspectives. We believe this unique transient asymmetry renders

accumulation mode OECT as a tailorable “slow-learning, fast-forgetting” unit which may found
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position in either the toolbox of traditional circuit design or neuromorphic computing applications.
We anticipate these results will aid in the selection of counterion chemistries and transistor
geometries for specific applications and set that stage for full drift-diffusion models that simulate
device behavior of both accumulation and depletion mode OECTs and improve the accuracy of

simplified equivalent circuit models.
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3.4 MATERIALS AND METHODS

Polymer film preparation and characterization

The synthesis of PB2T-TEG!%®110 (see detailed molecular weight information in the previous
paper>®) and PBAMEEMT?* (M, = 24 kg/mol, P = 1.67) polymers were described in our previous
works. P3HT was obtained from Ossila (M109, My =36.6 kg/mol). PB2T-TEG polymer was
dissolved in chloroform with the concentration of 2 to 4.5 mg/mL. PSMEEMT and P3HT polymers
were dissolved in chlorobenzene with the concentration of 20 mg/mL. All polymer solutions were
stirred overnight at 50 °C prior to spin coating. The substrates were cleaned sequentially by
sonication in acetone and isopropanol for 15 min each. The surface of the substrate was then treated
with oxygen plasma for 3 min before spin coating. The spin rate used is 600—2500 rpm to control
film thickness between 20 nm to 120 nm. PB2T-TEG polymer films were annealed at 150 °C for
10 minutes under N after spin-coating.

OECT device fabrication and characterization

OECT devices comprised lithographically patterned gold on glass substrates (see lithography
process below) with transistor widths of 2.5 mm, 5 mm or 6 mm and lengths ranging from 10 pm
to 600 um. Polymers were spun casted onto OECT substrates and were carefully removed except
at the electrode junction region via cotton tips (slightly dampened with acetone solution) under
microscope or magnifying lens to ensure minimum impact on the transient response. A secure seal
hybridization chamber (GRACE BIO LABS) is attached onto the substrate to confine the
electrolyte. A Ag/AgClI pellet is used as the gate. The distance between gate and channel is fixed
at approximately 4 mm in this study. The transfer curves were measured using two Keithley 2400

source-measure units controlled by custom Python code. The transient measurements were

73



conducted with NI PXle-5451, NI PXIle-6366 and NI PXle-8381 controlled by custom LabVIEW
code with time resolution = 10 ps.

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

Operando microscope coupled with OECT characterization

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

Spectroelectrochemistry characterization

The ultraviolet-visible (UV-Vis) absorption spectra were measured using an AVANTES
spectrometer (AvaSpec-2048L) coupled with an AVANTES light source (Avalight-HAL-S).
Doping and dedoping UV-Vis spectra were collected using continuous mode (with AvaSoft
software) with time resolution =10 ms/spectrum. The potential bias is controlled using a Metrohm
Autolab PGSTAT204 (with NOVA Software version 2.1). Polymers were cast onto fluoride-doped

tin oxide-coated glass (FTO, Sigma-Aldrich, 7 Q/sq) and used as a working electrode. A Ag/AgCl
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electrode and a Pt mesh were used as reference electrode and counter electrode, respectively. All
three electrodes were submerged into a cuvette containing ~ 2.5 mL of either 0.1 M KClq) or 0.1

M KTFSlgg).
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Chapter 4. SYNTHESIS AND CHARACTERIZATIONS OF NEW
POLYTHIOPHENE DERIVATIVES FOR ORGANIC
ELECTROCHEMICAL TRANSISTOR APPLICATIONS

4.1 INTRODUCTION

To further explore the effect of polymer side chain and ion species on OECT device performance,
we proposed to synthesize polythiophene derivatives with sulfide or nitrile functional groups.
Figure 4-1 shows the three targeted polymer structures: P3CEEBT, poly(3-
cyanoethoxyethoxybutylthiophene), PSMTEEBT, poly(3-methylthioethoxyethoxybutylthiophene)
and P3MEEBT, poly(3-methoxyethoxyethoxybutylthiophene). Most of the OECT studies to date
focus on OMIECs with ethylene glycol (EG) functional groups or mixed EG/alkyl side chains. We
planned to explore OECT device performance with OMIECs containing sulfide or nitrile

functional groups.

CN

O/\/O\/\O -
O/\/O\/\m .
N N

/o /A /A

§ /n s /n s” /n
P3MEEBT P3IMTEEBT P3ICEEBT

Figure 4-1. Structure of proposed new polythiophene derivatives.
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With the proposed polymer structures, our aims are: (1) Compare the OECT device
performance between PSMEEBT and PSMEEMT, which both have three EG functional groups on
the side chain but with different alkyl spacer length. Previously, Onorato et al had demonstrated
that by replacing the ethylene glycol unit close to the backbone with alkyl unit, the crystallinity
along with the electronic conductivity of polymer film is improved.®®° Based on our results in
Chapter 2, we also show that the OECT volumetric capacitance (C”) is proportional to the amount
of polar functional groups on the side chain (P3AMEEMT vs P3APPT vs P3AAPT). It is thus
interesting to compare the OECT performance of PSAMEEBT and P3MEEMT. In specific, we
hypothesize that PSAMEEBT may show similar C* but higher OECT mobility compared to
P3MEEMT. (2) Compare the effect of oxygen, sulfur, and nitrile functional groups on mixed
conductions. Since the polarity of ether functional group is in between sulfide and nitrile, we could
explore the effect of side chain functional group polarity to OECT performance. We substitute the
EG unit farther from polymer backbone with sulfide or nitrile functional group because the polar
functional group farther from polymer backbone appears to exhibit larger impact on OECT
performance based on our results in Chapter 2 (P3AAPT vs. P3PAAT).

We applied Kumada catalyst-transfer polymerization (KCTP) for polymer synthesis. To
synthesize polymer with conjugated structure, cross-coupling reactions (carbon-carbon bond
formation) are necessary. Among all the commonly used cross-coupling reactions like Suzuki,
Stillie or Negishi, KTCP is known for its chain-growth mechanism. Chain-growth polymerization
is favorable as the polymerization process is more controllable in terms of molecular weight and
dispersity compared to step-growth polymerization. In addition, KCTP is known for its robustness
to synthesize regioregular poly(3-hexylthiophne), P3HT with controlled molecular weight and low

dispersity. Molecular weight, dispersity and regioregularity are all important factors that determine
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electronic charge transport in OFETS. The three major stages of KCTP: in-situ Grignard metathesis
(GRIM) (monomer preparation), chain initiation and propagation by adding Ni catalyst, and finally
chain termination with the addition of concentrated HCI or methanol. More KCTP details could
be found in the review.!'! Notably, because of the necessity of Grignard exchange during monomer
preparation stage, additional attention is required when designing the monomer structure. For
example, hydroxyl group in the monomer may need to be protected prior to KCTP and deprotected
after polymerization.®®

Here, we successfully synthesized new polythiophene derivatives, P3MEEBT and
P3MTEEBT via KCTP. We then characterized their OMIECs performance through XRD, EIS and
spectroelectrochemistry. Compared to PSMEEMT, we attributed the slightly lower volumetric
capacitance of PSMEEBT to the increased alkyl fraction on the side chain. We did not find
significant improvement in terms of pC” when the end oxygen atom on the side chain is replaced
with sulfur (P3SMEEBT vs PBMTEEBT). Notably, we verified that higher polymer crystallinity

indeed reduces the OECT electronic carrier mobility, agrees with our previous study.?
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4.2 RESULTS AND DISCUSSIONS
4.2.1 Material Synthesis

The synthesis routes of PSMEEBT, PBAMTEEBT and P3CEEBT are shown in Figure 4-2, Figure
4-3, and Figure 4-4, respectively. To use KCTP polymerization, synthesis of 2, 5-dibromo-
thiophenes with desired side chains is necessary. PSAMEEBT and P3MTEEBT share similar
synthetic routes, while the synthetic route of P3CEEBT is more complex due to the reactivity of
the end nitrile group. All reactions were performed under air-free conditions using standard
Schlenk techniques. More synthetic details are described in the following paragraphs.

To synthesize P3MEEBT and P3MTEEBT, the first step is to synthesize 3-(4-
bromobutyl)thiophene. This reaction could be achieved by: (1) conduct Lithium-Bromine
exchange at ~ -45 °C for ~ 10 min (2) precipitation of 3-lithiothiophene with the addition of dry
THF for ~ 1 hour at ~ -45 °C (3) the addition of excess 1,4-dibromobutane at room temperature
for 2 to 5 hours.**21* The yield for this reaction is typically 40 % to 50 %. Figure 4-5 shows the
'H NMR of 3-(4-bromobutyl)thiophene. The synthesis of 2-((2‘-Methylthio)ethoxy)ethanol
(sulfide side chain precursor) is a relatively straightforward substitution reaction with the yield ~
80 % to 90 %.11511% Figure 4-6 shows the *H NMR of 2-((2‘-Methylthio)ethoxy)ethanol.

To tether polar functional groups onto thiophene unit, substitution reaction is completed by
first mixing sodium hydride (NaH) and either 2-(2-Methoxyethoxy)ethanol or 2-((2°-
Methylthio)ethoxy)ethanol, followed by the addition of 3-(4-bromobutyl)thiophene, with
conditions similar to reported by Onorato et al.®® The yield for this reaction is typically 30 % to 40
%. Two portions of the N-bromosuccimide (NBS) is then added slowly under dark for the
bromination of thiophene unit at 2 and 5 positions, with the yield ~ 70 %.24% Figure 4-7 and Figure

4-8 show the *H NMR result of SMEEBT and 3MTEEBT monomer, respectively. We noted that
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the sequence of bromination step and the polar side chain tethering step are interchangeable. The
synthesized monomers are typically stored in freezer.

For KCTP polymerization, given that the polymerization process is very sensitive to water
(Grignard reagent) and oxygen (Ni catalyst), monomers were first degassed under high vacuum
for at least 45 minutes and the water scavenging Grignard reagent, TIPMgBr was also used.!’ i-
PrMgCl was used for in-situ GRIM, and Ni(dppp)Cl2 or Ni(dppe)Cl2 was used as Ni catalyst. Extra
care needs to be given for the addition of catalyst, which is in the form of fine powder (may stick
onto glass neck or weigh paper). The ratio between monomer and Ni catalyst determines the degree
of polymerization (DP), which is typically aimed between 120 and 150. The addition of Ni catalyst
also needs to be fast to minimize the contact between reaction solution and air. Figure 4-9 and
Figure 4-10 show the *H NMR of PBMEEBT and P3MTEEBT, respectively. Table 4-1 shows the
obtained polymer molecular wight information. The synthesis of PSMEEMT was accomplished
by Dr. Jonathan W. Onorato. 240 The molecular wight is characterized by gel permeation
chromatography (GPC) compared to polystyrene (PS) standard. Detailed protocol of KCTP
polymerization used in this work could be found in the previous published studies.?*2%

The synthesis of P3CEEBT is incomplete due to the low yield of intermediate products and
the separation difficulty. 3-(4-hydroxybutyl)thiophene was synthesized with surprisingly much
lower yield (~ 20 %) using either the proposed NaOH/DMSO approach or the literature approach
(claimed 90% yield).**® Figure 4-11 shows the *H NMR of 3-(4-hydroxybutyl)thiophene. The
synthesis of 3-(4-tosylethoxyethoxybutyl)thiophene was accomplished by first mixing 3-(4-
hydroxybutyl)thiophene with NaH followed by the addition of excess diethylene glycol ditosylate.
This yield of this reaction is ~ 40 % and the *H NMR of 3-(4-tosylethoxyethoxybutyl)thiophene is

shown in Figure 4-12. Surprisingly, the addition of sodium cyanide (NaCN) into 3-(4-
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tosylethoxyethoxybutyl)thiophene solution gives both 3-cyanoethoxyethoxybutylthiophene (less)
and its hydrolysis side product (more) even in the dry condition. In addition, the polarity of 3-(4-
cyanoethoxyethoxybutyl)thiophene and 3-(4-hydroxybutyl)thiophene are very close (the two TLC
spots overlap in the hexane/ethyl acetate system), suggesting the purity of 3-(4-
tosylethoxyethoxybutyl)thiophene needs to be high to avoid residual 3-(4-hydroxybutyl)thiophene
in the later product. The synthesis of P3CEEBT was thus deferred with all the adverse conditions

described above.

Table 4-1. Polymer Molecular Weight Information
M, (GPC) | D (GPC) | M, (HNMR) | Estimated DP

PSMEEMT 24.0 k 1.67 NA 112
P3MTEEBT 12.2k 1.69 NA 45
P3MEEBT 235k 1.29 235k 90
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Figure 4-2. Scheme of synthetic route of PSMEEBT.
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422 OMIECs Characterizations

We first conducted X-ray diffraction (XRD) to characterize the OMIECs crystal structure. Figure

4-13 shows the XRD results of PSMEEMT, PBAMTEEBT and PSMEEBT. We found higher film

crystallinity for polythiophene derivatives with butyl spacer (SMTEEBT and P3MEEBT)

compared to methyl spacer (P3MEEMT), which agrees with our previous studies.?>% Table 4-2

shows the lamellar spacing of the three polymers. With three more carbon atoms on the side chain,

P3MEEBT and PBMTEEBT show ~ 5 Angstrom larger lamellar spacing compared to P3AMEEMT.

In addition, PSMTEEBT exhibits slightly larger lamellar spacing compared to PSMEEBT as sulfur

atom is slightly larger than oxygen atom.

Background Subtracted XRD with Y-Offset

—e— Annealed P3MEEMT
—— Unannealed P3MEEMT
—e— Annealed P3MEEBT
—e— Unannealed P3MEEBT
—e— Annealed P3MTEEBT
Unannealed P3MTEEBT

Intensity (a.u.)

Figure 4-13. Polymer XRD results.

Table 4-2. Polymer Lamellar Spacing Information

PSMEEMT | PSMTEEBT | PSMEEBT
20 of <100> peak 4.70 3.62 3.72
Lamellar spacing 18.8 A 23.8 A 24.4 A
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We further conducted spectroelectrochemistry and EIS to study the electronic band structure
and doping behaviors of newly synthesized polythiophene derivatives. Since the Mn of as
synthesized PBAMTEEBT is about half of the PSMEEMT and P3MEEBT, and it is known that both
n and C* could be highly dependent on molecular weight,*31%011% we focused more on the
comparison between PBAMEEBT and P3MEEMT in the following sections.

Figure 4-14 shows UV-Vis-NIR spectra of PSMEEMT and P3MEEBT when various
oxidation potentials applied. Similar to reference polymer PSMEEMT, P3BMEEBT could be doped
(oxidized) in 0.1 M KCI, with n-n” peak (N) absorbance decreasing and polaron (P) and bipolaron
(BP) peak increasing. We further compared the C” of the two polymers via EIS as shown in Figure
4-15. P3MEEBT shows slightly higher C” at lower doping level (0.3 V), implying lower doping
onset and lower OECT threshold voltage. At higher doping level (0.7 V), PSMEEMT exhibits
higher C*, which may be attributed to the polar unit ratio on the side chain. Specifically,
P3MEEMT has 3 ethylene glycol (EG) on the side chain (~100 %) while PSMEEBT has 1 alkyl
and 3 EGs on the side chain (~75 %). Additionally, we found annealing has minimum impact to

the C".
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Figure 4-15. Polymer volumetric capacitance at various doping potentials.
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423 OECT Characterization

We then compared the OECT performance of the polymers in 0.1 M KCI. Figure 4-16 shows the
OECT transfer curves and transconductances. We found PSMEEMT based OECT shows higher
lon and higher gm compared to PSMEEBT based OECT. Notably, preliminary PSMTEEBT based
OECT shows lower lon and lower gm compared to PSMEEBT based OECT, implying the
difference between 3 oxygen atoms and 2 oxygen atoms plus one sulfur atom on the side chain
may be subtle, especially considering the device is operated in the hydrated condition. Figure 4-
17 shows the threshold voltage of the polymers in 0.1 M KCI. We found the |V1| of PSMEEBT is
~ 0.1V lower than PSMEEMT, which agrees with the EIS onset voltage result. We found that the
effect of film annealing to the OECT V7 is unclear from this set of comparison.

Figure 4-18 shows the pC” comparison of two polymers for both annealed and unannealed
devices. Compared to PSMEEBT, PSMEEMT exhibits higher uC™ for both unannealed and
annealed devices. And for both polymers, annealing lowers the uC”. Using the C” values obtained
from EIS, we calculated the OECT mobility as shown in Figure 4-19. It is clear that higher
crystallinity (PSMEEBT V.S. PSMEEMT; Anneal V.S. Unanneal) lowers the OECT mobility.
This result agrees well with our group’s previous work studied by Flagg et al.?* Flagg et al
hypothesized that the heterogeneous swelling in the polymer film lowers the OECT mobility for
higher crystalline film. Specifically, in higher crystalline film, amorphous regions between
crystalline domains swell more?*1%0120 and weaken the connection between crystalline regions in

the film.
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Figure 4-16. OECT transfer curves and transconductances in 0.1 M KCI.
Film thickness is ~ 60 nm, 80 nm, and 120 nm for PSMEEMT, P3SMEEBT and P3BMTEEBT.
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4.3 CONCLUSIONS

We proposed the synthetic scheme of three new OMIECs containing polar functional groups
including ethylene oxide, sulfide, and nitrile. Two of them (P3MEEBT and P3MTEEBT) were
successfully synthesized and characterized. Compared to the reference PSMEEMT polymer,
P3MEEBT and PBMTEEBT show higher film crystallinity due to increased spacing between polar
functional groups and polythiophene backbone. We then compared the OECT performance of
P3MEEMT and P3BMEEBT with similar molecular weight. Notably, we verified that as opposed
to OFET, higher film crystallinity indeed lowers the OECT mobility. We hypothesize that for the
higher crystalline film, the intercrystallite connections are disconnected during OECT operation
when more swelling occurs in amorphous region. In addition, we show lower lon and gm for
P3MTEEBT based OECTs compared to PSMEEBT, implying the difference between 3 oxygen
atoms and 2 oxygen atoms plus one sulfur atom on the side chain may be subtle, especially

considering the device is operated in the hydrated condition.
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4.4 MATERIALS AND METHODS

Materials

N-bromosuccinimide (NBS) was purchased from Sigma-Aldrich and recrystallized from water
before use. Anhydrous solvents were used for all reactions unless otherwise specified. THF was
dried using a PureSolv solvent purification system. All other reagents were purchased from Sigma-

Aldrich and used as received.

Methods

Monomer Synthesis and Characterizations

All reactions were performed under air-free conditions using standard Schlenk techniques. All
reaction glassware was dried overnight in an oven at 120 °C prior to use. *H NMR was performed

using a 300 MHz Bruker AV-300 instrument at 25 °C.

3-(4’-BromobutyDthiophene Synthesis

The synthesis of 3-(4’-Bromobutyl)thiophene synthesis could be found in the existing
procedures.!t312! Briefly, to a 3-neck 500 mL RFB, 3-Bromothiophene (14.05 mL, 0.15 mol) was
degassed under vacuum for 5 minutes prior to adding the anhydrous hexanes solvent (150 mL).
The solution was then cooled down to -40 °C to -50 °C using acetonitrile/dry ice bath. n-BuLi (2.5
M in hexane, 60 mL) was then added dropwise, and the solution was stirred for 10 min. Anhydrous
THF was added dropwise via a syringe (18 - 20 mL) until the white 3-Lithiothiophene salt
precipitated. The solution was then stirred for 1 h, after which the solution was allowed to warm
to room temperature. Excess 1,4-Dibromobutane (150 mL, 0.6 mol) was added when the solution

temperature was ~ -10 °C. The solution was then stirred for 3 h at room temperature and then
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quenched with the addition of ~ 90 mL DI water. The reaction solution was then extracted with
ether three times and the organic layer was dried over anhydrous MgSQOyg, filtered, and concentrated.
Excess 1,4-Dibromobuane was removed under vacuum. The crude product was purified using
silica plug and then silica column chromatography both using hexanes as the eluent, resulting in

16.66 g (76 mmol) of a pale yellow oil as a product in a 50.6 % yield.

2 5-Dibromo-3-(4 -bromobutylthiophene Synthesis

To a 3-neck flask, 3-(4’-Bromobutyl)thiophene (8.76 g, 40 mmol) and 40 mL THF was added. The
solution was degassed with nitrogen bubbling for 15 minutes. Following bubbling, recrystallized
NBS (total: 14.17 g, 79.6 mmol) was added into the flask in 3 equal portions (5 minutes in between
each addition). The reaction was then stirred overnight at room temperature with aluminum foil
covered. The reaction solution was then filtered with fine frit, and THF was removed using rotary
evaporation. The crude product (15.67 g) was purified using column chromatography using
hexanes as the eluent, resulting in pale yellow oil in 35% yield (5.57 g, 14 mmol). We note that
the yield of this reaction should typically be ~ 70 % or higher. We suspect the lower yield of this
batch of reaction is due to the crude product being left in ambient for too long before column

chromatography.

2 5-Dibromo-3-(4 -(methoxyethoxyethoxy)butylthiophene (SMEEBT) Synthesis

Diethylene glycol monomethyl ether (0.70 mL, 6 mmol) was added into 100 mL RFB and degassed
under vacuum for 5 minutes. THF (15 mL) was then added into RFB to dissolve Diethylene glycol
monomethyl ether. Sodium hydride (NaH, 6.5 mmol, 60% dispersion in mineral oil, 0.26 g) was

quickly added in one portion, and the NaH was allowed to react for 1 h. 2,5-Dibromo-3-(4’-
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bromobutyl)thiophene (1.88 g, 5 mmol) was dissolved in THF (5 mL). The 2,5-Dibromo-3-(4’-
bromobutyl)thiophene solution was then added dropwise into Diethylene glycol monomethyl
ether/NaH solution, then stirred at room temperature overnight. The reaction mixture was filtered
over a thin pad of Celite, then the product was washed through with THF. The solvent was removed
using rotary evaporation, and the product was purified through column chromatography with the
hexanes/ethyl acetate (60%/40%) eluent. The product was pale yellow oil (0.80 g, 1.9 mmol, 38
% yield), and was stored at -20 °C. The above procedure was repeated multiple times with

similar/larger scale to obtain enough monomers for polymerization.

2-((2 “-Methylthio)ethoxy)ethanol Synthesis

The synthesis of 2-((2°-Methylthio)ethoxy)ethanol could be found in the existing procedures. %116
Briefly, Sodium methanethiolate (NaSMe, 5.1 g, 73 mmol) was added into 500 mL RFB with THF
(200 mL). 2-(2’-Chloroethoxy)ethanol (6 mL, 57 mmol) was then slowly added into the RFB. The
solution was then heated to reflux for overnight. The mixture was cooled to ambient temperature,
and DI water (~ 50 mL) was added to dissolve the salts formed. The solution was then extracted
three times using chloroform. The organic fractions were combined and dried with MgSOa. The
drying agent was filtered off, and the solvent was removed by rotary evaporation. The product was

a pale, yellow oil (6.54 g, 48 mmol) with 84 % vyield.

2.,5-Dibromo-3-¢4 -(methylthioethoxyethoxy)butylthiophene (3SMTEEBT) Synthesis

2-((2°-Methylthio)ethoxy)ethanol (0.82 g, 6 mmol) was added into 100 mL RFB and degassed
under vacuum for 5 minutes. THF (15 mL) was then added into RFB to dissolve 2-((2¢-

Methylthio)ethoxy)ethanol. Sodium hydride (NaH, 6.5 mmol, 60% dispersion in mineral oil, 0.26
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g) was quickly added in one portion, and the NaH was allowed to react for 30 min to 1 h. 2,5-
Dibromo-3-(4’-bromobutyl)thiophene (1.88 g, 5 mmol) was dissolved in THF (5 mL). The 2,5-
Dibromo-3-(4’-bromobutyl)thiophene solution was then added dropwise into 2-((2°-
Methylthio)ethoxy)ethanol /NaH solution, then stirred at room temperature overnight. The
reaction mixture was filtered over a thin pad of Celite, then the product was washed through with
THF. The solvent was removed using rotary evaporation, and the product was purified through
column chromatography with the hexanes/ethyl acetate (85%/15%) eluent. The product was a pale,
yellow oil (0.66 g, 1.3 mmol, 26 % yield), and was stored at -20 °C. The above procedure was

repeated multiple times with similar or larger scale to obtain enough monomers for polymerization.

Polymer Synthesis and Characterizations

P3MEEBT and PAMTEEBT were synthesized using Kumada Catalyst Transfer Polymerization
(KCTP). The produced polymer was characterized via size-exclusion chromatography (SEC),
using a Malvern Viscotek TDA 305 GPC equipped with UV and refractive index detectors. THF
was used as an eluent at a temperature of 40 °C and a flow rate of 1 mL/min. Molecular weight
information was determined relative to polystyrene standards. *H NMR was performed using a

500 MHz Bruker AV-500 instrument at 25 °C.

Poly(3-(4 -(methoxyethoxyethoxy)butyl)thiophene) (PSMEEBT) Synthesis

To a 3-neck 100 mL RFB, SMEEBT monomer (1.25 g, 3 mmol) was added, then degassed under
high vacuum for 75 min. The flask was placed under nitrogen, and 30 mL of THF was added. The
flask was cooled to 0 °C, and the water scavenger TIPMgBr (0.5 M in THF, 3 mL, 1.5 mmol) was

added and the solution was stirred for 10 minutes.''’ i-PrMgCl (1.88 M in THF, 1.57 mL, 2.95
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mmol, titrated before use) was then added dropwise over 10 min. The flask was allowed to warm
to room temperature, and then stirred for 1 h. The flask was then heated to 45 °C, and Ni(dppe)Cl:
(10.56 mg, 0.02 mmol) was quickly added. The polymerization was stirred at 45 °C for 4 hours,
then quenched by the addition of 3 mL of 5 M HCI. The polymer solution was poured into ~ 200
mL of MeOH with precipitation observed after quick stirring and left in 4 °C overnight. The
precipitated polymer was collected with a cellulose thimble (Whatman). The polymer was further
purified with Soxhlet extraction using MeOH and CHCIs. The CHCIs fraction was dried via rotary
evaporator and left overnight in a vacuum oven. Mass of the collected PSMEEBT polymer is ~

341 mg (Mn = 23.5 kg/mol, b = 1.29).

Poly(3-(4 -(methylthioethoxyethoxy)butyDthiophene) (P3MTEEBT) Synthesis

To a 3-neck 100 mL RFB, SMTEEBT monomer (1.16 g, 2.67 mmol) was added, then degassed
under high vacuum for 70 min. The flask was placed under nitrogen, and 26.7 mL of THF was
added. The flask was cooled to 0 °C, and the water scavenger TIPMgBr (0.5 M in THF, 2.67 mL,
1.34 mmol) was added and the solution was stirred for 10 minutes.!'” i-PrMgCl (1.88 M in THF,
1.39 mL, 2.62 mmol, titrated before use) was then added dropwise over 10 min. The flask was
allowed to warm to room temperature, and then stirred for 1 h. The flask was then heated to 45 °C,
and Ni(dppe)Cl. (9.40 mg, 0.018 mmol) was quickly added. The polymerization was stirred at 45
°C for 5 hours, then quenched by the addition of 3 mL of 5 M HCI. The polymer solution was
poured into ~ 200 mL of MeOH with precipitation observed after quick stirring and left in 4 °C
overnight. The precipitated polymer was collected with a cellulose thimble (Whatman). The

polymer was further purified with Soxhlet extraction using MeOH and CHCIl3. The CHCI;s fraction
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was dried via rotary evaporator and left overnight in a vacuum oven. Mass of the collected

P3MTEEBT polymer is ~ 344 mg (M, = 12.2 kg/mol, b = 1.69).

X-ray diffraction (XRD)
XRD of polymer thin films on glass substrates were measured using a Bruker D8 Discover with a

Pilatus 100K large area 2D detector.

Spectroelectrochemistry characterization

The ultraviolet-visible-near IR (UV-Vis-NIR) absorption spectra were measured using an
AVANTES spectrometer (AvaSpec-2048L) coupled with an AVANTES light source (Avalight-
HAL-S). The potential bias is controlled using a Metrohm Autolab PGSTAT204 (with NOVA
Software version 2.1). Polymers were cast onto fluoride-doped tin oxide-coated glass (FTO,
Sigma-Aldrich, 7 Q/sq) and was used as a working electrode. A Ag/AgCl electrode and a Pt mesh
was used as reference electrode and counter electrode, respectively. All three electrodes were

submerged into a cuvette containing ~2.5 mL of 0.1M KClag).

Electrochemical Impedance Spectroscopy (EIS) for C* Determination

EIS measurements were performed on gold-coated glass substrates with a defined area of (0.01 or
0.04) cm?. Polymers were spun casted on the gold substrates. A Ag/AgCl electrode and a Pt mesh
was used as reference electrode and counter electrode, respectively. The polymer was first
electrochemically doped at specific direct current (DC) potential bias (ranging from 0.2 V to 0.7

V vs Ag/AgCl) for 60 s, and the alternating current (AC) perturbation (Sine wave with 10 mV
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amplitude and frequency from 10° Hz to 10 Hz) was then performed on top of the DC potential

bias. The obtained EIS data was fit to Randles circuitt:62

OECT device fabrication and characterization

OECT devices comprised lithographically patterned gold on glass substrates (see lithography
process below) with transistor lengths of 10 um and widths ranging from 100 um to 4000 um.
Polymers were spun casted onto OECT substrates and were carefully removed except at the
electrode junction region via cotton tips under microscope. Cotton tips were slightly dampened
with acetone solution. An insulating layer containing cellulose acetate and acrylates copolymer
(Nail polish: Sally Hansen, Insta-Dry Top Coat) was then applied to avoid the direct contact
between electrode and electrolyte during further characterizations. Devices were measured in
degassed electrolytes. The electrolyte (~ 1 mL) was contained in a polydimethylsiloxane (PDMS)
reservoir during OECT measurements. The assembly of the OECT substrate, the PDMS reservoir
and the electrical connections were achieved via a 3D-printed holder. Transfer curves were
measured by varying Ve from 0 V to0 -0.7 V and then back to 0 V (vs. Ag/AgCl). The Vp was fixed
at -0.6 V. For KCl electrolyte, the step size of Vg was 0.02 V with 5 s between each step.

The detailed lithography process: NR9-3000PY negative resist (Futurrex, Inc.) was deposited
on cleaned glass wafers with diameter equals to 0.1016 m (University Wafer, Inc.) through spin-
coating, followed by UV light exposure (ABM-SemiAuto-Aligner) and resist development. Metal
deposition (10 nm chromium or titanium and 100 nm gold) was accomplished through sputtering
(Evatec LLS EVO Sputter System) or evaporation (CHA Solution e-beam evaporator). The resist
lift-off was achieved by soaking wafers in acetone solution overnight. The wafers were then diced

using a Disco Wafer Dicer (Disco, America).
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Chapter 5. CONCLUSIONS AND FUTURE DIRECTIONS

We present three studies investigating the operation of organic electrochemical transistors (OECTS)
from both material and device perspective. In each case, both the static and transient behavior of
OECTs are highly dependent on the choice of channel materials, or organic mixed ionic-electronic

conductors (OMIECs) and electrolytes. The results and methods present here are based on classical

planar OECTs using aqueous electrolyte, but we believe them to be universal for OECTs using

solid electrolyte or with vertical or more complex structures.

In Chapter 2, we study the electrochemical doping/dedoping kinetics, and the OECT
performance of a series of polythiophene homopolymers with ethylene glycol units in their side
chains using both kosmotropic and chaotropic anion solutions were studied. We compare their
performance to a reference polymer, P3SAMEEMT. We find larger OECT material figure of merit,
uC”, where p is the carrier mobility and C™ is the volumetric capacitance, and faster doping kinetics
with more oxygen atoms on the side chains, and if the oxygen atom is farther from the
polythiophene backbone. Replacing the oxygen atom close to the polythiophene backbone with an
alkyl unit increases the film =-stacking crystallinity (higher electronic conductivity in the undoped
film) but sacrifices the available doping sites (lower volumetric capacitance C* in OECT). We
show that this variation in C” is the dominant factor in changing the pC* product for this family of
polymers. With more oxygen atoms on the side chain, or with the oxygen atom farther from the
polymer backbone, we observe both more passive swelling and higher C”. In addition, we show
that, compared to the doping speed, the dedoping speed, as measured via spectroelectrochemistry,
is both generally faster and less dependent on ion species or side chain oxygen content. Last,
through OECT, electrochemical impedance spectroscopy (EIS) and spectroelectrochemistry

measurements, we show that the chaotropic anion PFe facilitates higher doping levels, faster
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doping kinetics, and lower doping thresholds compared to the kosmotropic anion CI-, although the
exact differences depend on the polymer side chains. Our results here highlight the importance of
balancing p and C* when designing molecular structures for OECT active layers.

In Chapter 3, we show existing models of device operation cannot explain the experimental
observations that turn-off times are generally much faster than turn-on times in accumulation mode
OECTs. Through operando optical microscopy, we image the local doping level of the transistor
channel and show that device turn-on occurs in two stages, while turn-off occurs in one stage. We
attribute the faster turn-off to a combination of engineering as well as physical and chemical factors
including channel geometry, differences in doping and dedoping Kinetics, and the physical
phenomena of carrier density-dependent mobility. We show that ion transport is limiting the device
operation speed in our model devices. Our study here provides insights into the kinetics of OECTs
and guidelines for engineering faster OECTS.

In Chapter 4, we synthesize two new polythiophene derivatives, PSMEEBT and PSMTEEBT
via KCTP polymerization. We do not find significant improvement in terms of C” and pC* when
the end oxygen atom on the side chain (P3MEEBT) is replaced with sulfur atom (P3MTEEBT).
Compared to the reference polymer PAMEEMT, we attribute the slightly lower volumetric
capacitance of PBMEEBT to the increased alkyl fraction on the side chain. In addition, we verify
that higher polymer film crystallinity slightly improves the OECT threshold voltage but reduces
the OECT electronic carrier mobility, which agrees with our previous study. We hypothesize in
the more crystalline film, amorphous regions between crystalline domains swell more and lower
the connection between crystalline regions.

OECT represents as an exciting new type of transistor with the ability to couple ionic and

electronic carriers. This unique ion-electron coupling behavior enables many promising OECT-
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based applications including point-of care biosensors, neuromorphic computing, and artificial
neurons. To commercialize these intriguing techniques, more understanding of the OECT
operation mechanism, especially the OECT transient behavior and OECT cycling stability are still
necessary. For the OECT transient behavior, though we have studied how different factors affect
the OECT transient behavior in Chapter 3, the universal equations describing the time constants
and operation variables are still lacking. In addition, our current understanding of OECT cycling
stability is still limited. OMIECs with similar pC" and doping kinetics could show dramatically
different cycling stability.3® Factors including oxidative degradation, oxygen reduction reactions,
over swelling and active-layer delamination could all contribute to device deterioration. We expect

more exciting work in these two sub-fields to come.
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 2
Adapted with permission from S. E. Chen, L. Q. Flagg, J. W. Onorato, L. J. Richter, J. Guo, C. K.

Luscombe and D. S. Ginger, J. Mater. Chem. A, 2022, 10, 107382°. Copyright 2022 Royal Society

of Chemistry.
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Figure A7. Determination of V1 of reduced-oxygen-content side chain polymers in 200 mmol/L
KTFSlg) (a) P3APPT (b) PBAAPT. Channel width/length = 2000 um/10 um. Grey dash lines are
a guide for the eye.
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Figure A8. Determination of Vr of PSAMEEMT in (a) 100 mmol/L KClgg and (b) 100 mmol/L
KPFs obtained from Flagg et al.>* Grey dash lines are guide for the eye.
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Figure A12. Charge injection in polymer films during cyclic voltammetry (CV) scans in (a) 100
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Figure Al13. Volumetric capacitance (via EIS) and charge injected in polymer films (via

coulometry). Charge injected in the film was normalized by polymer film thickness.
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Figure A15. OECT mobility of polymers in 100 mmol/L KClg) and 100 mmol/L KPFs(g). Dash
lines are guide for the eye. OECT mobility was derived from dividing pC” by C* with error

propagation. Error bar represents standard error of mean.
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Figure A16. Spectroelectrochemistry of (a) PSMEEMT (b) P3APPT (c) P3AAPT (d) P3PAAT in
100 mmol/L KClaq) electrolyte upon doping. Doping potential =0.0 v, 0.1V, 0.2V, 0.3V, 04V,
0.5V, 0.6V, 0.7V (vs Ag/AgCl). Black circle indicates the isosbestic point. Only P3APPT and

P3AAPT show vibronic progression feature.
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Figure A18. Comparison of polaron and n-n" peak absorbance change upon doping in 100 mmol/L
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Figure A20. Atomic force microscopy (AFM) topography images of four polymers in three
different states: neat, doped and after three cycles of doping and dedoping. Polymer films were

deposited on fluorine-doped tin oxide (FTO) glass substrate.
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Figure A21. Roughness of neat polymer films, doped polymer films (with KPFg), and polymer
films doped and dedoped for three cycles with KPFs. At least four different regions of the film
were scanned. Error bars represent standard deviation.
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Table Al. V1 and C* Results of P3APPT and P3AAPT in 100 mmol/L KTFSlg)

C*

Vr

(F/lcmd)

%

P3APPT

1432 +9.4

-0.14 £ 0.01

P3AAPT

1075+ 6.5

-0.11 £ 0.02

Table A2. Polythiophene Derivatives with Isosbestic Point Observed in Spectroelectrochemistry

Polymer Electrolyte References
P3HHT KCI 68
P3MEET NaCl 58
PTHS-TMA+-co-P3HT 70:30 mol NaCl 31
PTHS-TMA+-co-P3HT 51:49 mol NaCl 31
PTHS-TMA+-co-P3HT 23:77 mol NaCl 31
P3HT Polymetric lonic Liquid 64

P3APPT KCI This work

P3AAPT KCI This work

P3PAAT KCI This work

124



Conversion of CPE to Capacitor.

Eq Al shows the impedance form of a constant phase element (CPE). w is the angular frequency.
Yo and n are the characteristic parameters of the CPE. A CPE is an imperfect capacitor with n
value between 0 and 1. A CPE with n equals to 1 represents an ideal capacitor. Eq A2 shows the
impedance form of a capacitor. We applied Eq A3 to convert Yo to an equivalent capacitor. wy.x IS

the frequency where the imaginary part of impedance has its maximum,!22123

Zepg = Yoaor (Eq Al)

C=Y, (w;;lax)n_l (Eq A3)
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 3

This work has been submitted to Nature Materials and is also available on arXiv:

arXiv:2305.01179.
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Figure B1. Transfer curves and threshold voltage determination. (a) The polymer structure of
P3HT, PBMEEMT, and PB2T-TEG (b-e) transfer curves and (e-i) threshold voltage fits of
polymers in 0.1 M KCl and 0.1 M KTFSI.
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Figure B2. The comparison between spectroelectrochemistry and OECT transient behaviors in 0.1
M KCI. The UV-Vis spectra of (a) PB2T-TEG and (d) PSMEEMT in 0.1 M KCI. The Polaron
transient of (b) PB2T-TEG and (e) PSMEEMT in 0.1 M KCI. The OECT transient of (c) PB2T-
TEG and (f) PSMEEMT in 0.1 M KCI. Dots represent the data and lines represent the fit in (b),
(c), (), and (f).
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Figure B3. The comparison between spectroelectrochemistry and OECT transient behaviors in 0.1
M KTFSI. The UV-Vis spectra of (a) PB2T-TEG and (d) PSMEEMT in 0.1 M KTFSI. The
polaron transient of (b) PB2T-TEG and () PBAMEEMT in 0.1 M KTFSI. The OECT transient of

(c) PB2T-TEG and (f) PBAMEEMT in 0.1 M KTFSI. Dots represent the data and lines represent the
fitin (b), (c), (e), and (f).
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Figure B4. Microscope screenshots of PSMEEMT OECT channels during operation. Turn-on

process of PSMEEMT-based OECT with the channel length of (a) 600 um (b) 50 um. The
electrolyte is 0.1 M KCI. Arrows indicate the doping front propagation direction. The color of the

P3MEEMT polymer is red/orange in the neutral state and blue in the doped state.
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Figure B5. The absorption-hole density calibration based on Beer’s law. (a) The transient response

of current, charge, and absorbance of PB2T-TEG in spectroelectrochemistry. The electrolyte is 0.1
M KCI. (b) The relation between absorbance and hole density.
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Figure B6. The transient response with various channel lengths. The polymer is PB2T-TEG, and
the electrolyte is 0.1 M KCI. The transistor channel width is 5 mm and the film thickness is = 50
nm. The gate potential is fixed at |Ve — V1| = 0.2 V, and the drain potential is— 0.6 V.
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Figure B7. The transient response with various ion concentrations. The polymer is PB2T-TEG.
The transistor channel width is 2.5 mm, the channel length is 100 um and the film thickness is =
50 nm. The gate potential is fixed at |Vc — V1| = 0.2 V, and the drain potential is — 0.6 V.
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Figure B8. The transient response with various drain potentials. The polymer is PB2T-TEG, and

the electrolyte is 0.1 M KCI. The transistor channel width is 5 mm, the channel length is 100 pm,

and the film thickness is = 50 nm. The gate potential is fixed at [V — V1| =0.2 V.
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Figure B9. The transient response with various gate potentials. The polymer is PB2T-TEG, and
the electrolyte is 0.1 M KCI. The transistor channel width is 5 mm, the channel length is 100 pm,
and the film thickness is = 50 nm. The drain potential is — 0.6 V.
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Figure B10. The transient response with various film thickness. The polymer is PB2T-TEG, and
the electrolyte is 0.1 M KCI. The transistor channel width is 5 mm, and the channel length is 100
um. The gate potential is fixed at Ve — V1| = 0.2 V, and the drain potential is — 0.6 V.
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Figure B11. The transient response with various counter anion species. The polymer is PSMEEMT.
The transistor channel width is 5 mm, the channel length is 100 pm, and the film thickness is =

120 nm. The gate potential is fixed at |Ve — V1| = 0.2 V, and the drain potential is — 0.6 V.
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Figure B12. The relation between response time constants and (a) thickness (results from Fig. B10)
and (b) counter anions (results from Fig. B11). Error bars represent the standard deviation from

multiple cycles.
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Figure B13. The output curve of PB2T-TEG in 0.1 M KCI.
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Table B1. OCP and VT Values of Different Polymer/Electrolyte Pairs

Polymer Electrolyte OCP (V)2 Vr (V)P
PB2T-TEG 0.1 M KCI 0.11 -0.29
PSMEEMT 0.1 M KCI 0.13 -0.57
PSMEEMT 0.1 M KTFSI -0.03 -0.38

P3HT 0.1 M KTFSI -0.12 -0.38

& QOpen circuit potential of the system.
b OECT threshold voltage. See Figure B1.

Table B2. Response Time Constants of Spectroelectrochemistry and OECT

Polymer Electrolyte SpecEChem O8], SBEREC o
y y Tdoping (S) * Ton (5)° Taedoping (S) © ot (5) °
0.00124 +
PB2T-TEG 0.1 M KCI 1.69 +£0.01 | 0.65828 + 0.00701 | 0.29 + 0.01 0.00002
0.01693
PSMEEMT 0.1 M KCI 3.17 £ 0.07 | 1.14873 £ 0.03257 | 0.16 £ 0.01 +0.00075
PSMEEMT | 0.1 M KTFSI 1.05+0.03 | 0.34316 + 0.00515 | 0.15 £ 0.01 Oboggggf
P3HT 0.1 M KTFSI 2.67+0.35 | 225052 +£0.01539 | 2.18 £0.05 0'043(5)22;

mean from multiple cycles. Time resolution of spectroelectrochemistry is = 10 ms.

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

Average tau from biexponential fit. We did not consider propagation time (t,) here. Error bars

represent standard error of the mean from multiple cycles. Time resolution of OECT is = 10 ps.

mean from multiple cycles.

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

Tau from single exponential fit. Error bars represent standard error of the mean from multiple cycles.
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Note B1. Transient fits with Bernards model

The Bernards model considers the transient behavior of an OECT as the characteristic of charging
or discharging a capacitor.®” Assuming charging or discharging occurs uniformly along the channel
polymer, they proposed that Ip to have a single exponential response when switching between two

steady-states:

T -t
In(6,Ve) = lss(Ve) + Ay (1= £ 22) ¢

1

where Iss is the steady-state channel current, and Alss is the current difference between two
different steady-states. f determines the ratio of Igs and lep. 7, is the electronic charge transit time
and t; is the product of Rg - Cc,. The Rs is the electrolyte resistance and the Ccn is the channel
capacitance.” They demonstrated the Ip response to be either a monotonic decay or a spike-and-
recovery depending on the ratio between ft, and t;, with device switching speed determined by
7.3

As shown in Figure 3-1a, we found that Bernards model cannot accurately describe the
transient response of accumulation mode OECTs. Most importantly, the Bernards model cannot
explain the much faster device turn-off speed compared to turn-on phenomenon, which, based on
the model, should be both equal to 7;, as Rs and Cy, are the same. We believe the reasons why
Bernards model failed to predict the switching behavior of accumulation mode OECTs are as
follows: first, the uniform charging or discharging assumption is inaccurate. Second, the carrier
density dependent mobility needs to be considered, especially during device turn-off. Last,

Bernards and Malliaras developed the model based on poly(3,4-ethylenedioxythiophene) doped

with poly(styrene sulfonate) (PEDOT:PSS), which is a depletion mode OECT material.
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Note B2. Off-interval dependent OECT turn-on kinetics

Figure B14 shows faster OECT turn-on kinetics through shortening the off-interval. To ensure the
same electrochemical doping level is achieved, we fixed the on-interval to be 30 s for each cycle
while varying the off-interval from 30 s to 1 s. Since the zofr is much smaller than zon (See main
text), the device could be turned off even with 1s off-interval in this case. It is clear that transistor
turns on faster (smaller zon) with shorter off-interval. This phenomenon occurs because even
though the transistor is at off-state already, dedoping of the channel polymer is not fully completed
(see main text).

This behavior also implies that accumulation mode OECT turn-on Kinetics is duty cycle
dependent if the total period is carefully selected. Duty cycle is defined as the ratio between on-
interval over the total period, and the total period is the sum of the on-interval and the off-interval.
The duty-dependent kinetics may be beneficial for emulating neuron dynamic filtering function,
in which the post synaptic response (i.e. Ip) depends on the duty of the presynaptic stimuli (i.e.
Vs). Previously, Gkoupidenis et al.’%* and Yamamoto et al.** had demonstrated the dynamic

filtering function with depletion mode, PEDOT:PSS-based OECTs.

141



=)

Normalized Vg
o o
o o
| I
—————

=)

Normalized /,
e o 9
B (=] ]

o
)

o
o
—

0 30 60 90 120 150 180 210 240

0.8

After 1s off-interval

\D

2 0.6 After 2s off-interval
% After 5s off-interval
g 04 After 10s off-interval
s o

After 30s off-interval

0.2

e — —

Figure B14. (a) The transient response of a P3HT-based OECT with a fixed on-interval (30 s) and
various off-intervals. Pre indicates previous runs for device stabilization. Numbers represent the
cycle number. Transistor channel width, length and thickness is 4000 pm, 10 pm and = 100 nm,
respectively. (b) Comparison between turn-on kinetics with various off-intervals.
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Note B3. Carrier density-dependent mobility
Previously, with the exponentially distributed density of states (DOS) assumption, Friedlein et al.

proposed the relation between OECT mobility and carrier concentration to be:

Eg

—0_q
o= o (2) (1)
where uo is mobility prefactor and po is zero-filed hole concentration. Eo describes the energetic
width of the tail of the density of states, ks is Boltzmann’s constant and T is temperature.'®® We
found that our mobility and carrier concentration relation could be well characterized with this
equation (Figure 3-4b and Figure B15a). The Eo obtained from mobility and carrier concentration
fitis = 300 meV.

To justify our fitting result, we further estimated the Eo value from the ultraviolet
photoelectron spectroscopy (UPS) spectra data from our previous work.! Figure B15b shows the
estimation of Eq value of PB2T-TEG via the exponential fit of the edge of HOMO region. We
found the Eo value is = 204 meV, which we believe is close to the value obtained from mobility
and carrier concentration fit, considering the difficulty to accurately determine the width of DOS
via different techniques,'?*!% and the possible broadening of DOS after doping.?® The similar Eo

values obtained by two different methods verify that our approach studying mobility and carrier

density relation is feasible.
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Figure B15. The estimation of the energetic width of the tail of the density of states (Eo) with (a)
OECT mobility and concentration fit and (b) via ultraviolet photoelectron spectroscopy (UPS). N

represents number of states, E is the energy, and g is the DOS in the equation in (b).
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Note B4. SPICE simulation

Here, we attempt to replicate the delayed turn-on (doping front propagation stage) and asymmetric
kinetics via circuit modeling. To the best of our knowledge, Ersman et al. are the only ones to
report an OECT circuit model including active elements and show asymmetric kinetics with
depletion mode OECTs.Y In their approach, a diode was used to represent the discharging path
from the body of a SPICE MOSFET model. Though their model can indeed represent asymmetric
kinetics, it does not intuitively capture the physics of an OECT, because unlike a MOSFET, there
is no body terminal in an OECT. On the other hand, purely passive element circuit models are very
popular, as in those developed by Bernards et al. and Faria et al. that have seen widespread
adoption.®"# However, such circuit models are linear and thus cannot exhibit different turn-on and
turn-off Kinetics. For details, the reader is referred to reviews on circuit model kinetics,108127.128
and a more systematic modeling is beyond the scope of this manuscript.

To reconcile these two approaches with our experimental data, based on the classical
Rs+(Rct||Cp) model commonly used in literature, 812 we include a time-dependent resistance to
represent the channel polymer resistivity. The RC component could reflect the initial “spike” in
both I and Ip, while the time-dependent resistance could replicate the timing. Figure B16a shows
the proposed equivalent circuit model. Here, Vg is the gate potential and Vp is the drain potential.
Rs is the solution resistance, Rp(t) is the time-dependent resistance and Rss is the source electrode
contact used for measuring current in SPICE simulation. Cp, and R are the polymer volume
capacitance and charge transfer resistance commonly applied in Randles circuit. Rs, Cp, Ret have
limited effects on the kinetics through the channel in this proposed model, where they represent

the electrolyte-drain interface, rather than the entire active layer. We also included a constant
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current source to represent the gate leakage current, fxlg, which does not affect the kinetics here.
The detailed explanation of f factor could be found in Faria and Bernards models.>"#

Figure B16b shows the transient response and SPICE simulation result of an example
accumulation mode P3HT OECT operating 0.1 M KTFSI. (W/L/d =5 mm/100 um/100 nm) The
drain potential is fixed at —0.6 V while the on-potential is —0.2 V and off-potential is —0.6 V. We
modeled the time-dependent resistance Rp(t) by an exponential decay from a high resistance
(undoped) state to a low resistance state (doped) or vice versa:

t
Vp/Ipsa +C (1 —e T"“) (turn-off)

_t _t (turn-on)
VD/ID,sat +Ae Tt + Be

Rp(t) =

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

Analog Devices).
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Figure B16. SPICE simulation of an accumulation mode OECT. a, LTSpice circuit model. Here,
we used f = 0.5, though in this work the nature of f parameter is not under investigation. Rss is used
only for simulation purposes to measure the total source current, and it is generally a trivially low
resistance (0.01 Q). The other values are defined in the discussion above. b, Experimental data of
an example accumulation mode P3HT OECT operates in 0.1 M KTFSI and the SPICE simulation
results. (W/L/d =5 mm/100 pm/100 nm) The drain potential is fixed at —0.6 V while the on-
potential is —0.6 V and off-potential is —0.2 V. We showed that the turn-on and turn-off Kinetics
are well represented by the circuit.
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APPENDIX C: PHOTOLITHOGRAPY PROTOCOL
Appendix C describes the fabrication of OECT devices via photolithography. With Parylene C

protecting layer, the fabricated OECT devices could have small and accurately defined channel
active area. Photolithography fabricated OECTs could benefit applications like neuromorphic

computing, in which a high ratio of number of transistors per area is desired.

Materials
All materials used in the photolithography protocol were kindly supplied by Washington Nano

Fabrication (WNF) facility unless otherwise specified.

Methods

Scheme C1 shows the fabrication process of OECT devices with Parylene C protecting layer
similar to a previously reported protocol.*3® NR9-3000PY negative resist (Futurrex, Inc.) was spin-
coated on 4-inch cleaned glass wafers (University Wafer, Inc), followed by UV light exposure
(ABM-SemiAuto-Aligner) and resist development using conditions based on the resist protocol
[Step 1 to Step 3]. Oxygen plasma (Vision 320 RIE Mark I, Plasma Therm, Inc.) was applied for
resist descum before evaporation. Metal deposition (10 nm titanium and 100 nm gold) was
accomplished using e-beam evaporator (CHA Industries, Inc.) [Step 4]. After resist lift-off in
acetone solution overnight, glass wafers were immersed into 0.5 vol% A-174 silane solution
(Fisher Scientific) to improve Parylene C adhesion [Step 5]. Two layers of Parylene C (2 um/layer)
were deposited using SCS Labcoter Parylene Deposition System. A 1% Micro-90 cleaning
solution (Sigma-Aldrich) was spray-coated on first Parylene C layer as an anti-adhesive layer

before depositing second Parylene C layer [Step 6]. The anti-adhesive layer assisted the later peel-
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off step. AZ10 XT positive resist (EMD Performance Materials, Merck KGaA, Darmstadt) was
then spin-coated on Parylene-protected wafers, followed by UV light exposure and development.
Metal contacts and channel were exposed using Oxygen plasma (Vision 320 RIE Mark 11, Plasma
Therm, Inc.). The dry etching condition used was 100 mTorr (pressure), 300 W (power), 30 minute
(time) and 40 sccm (flow rate) [Step 7 to Step 9]. The wafers were then diced into 15 mm x 15

mm chips using Disco Wafer Dicer (Disco, America).

Figure C1 shows the two photo masks used to define the gold and Parylene C patterns on the
wafer. Photo masks were fabricated based on the WNF mask making procedure. In specific,
positive resist and chromium coated glass was exposed using Heidelberg laser writer (20 mm
Head), followed by resist developing, chromium etching and resist removing. Figure C2 shows the
microscope image after step 3, step 5 and step 9. Figure C3 shows the wafer (left) and diced OECT
chips (right). Figure C4 shows the peeled-off OECT chip after spin coating. The polymer layer is
perfectly confined in the defined opening region. OECT devices with channel width (W) equal to

10 pum, 100 um and 1000 um and channel length (L) equals to 10 um were successfully fabricated.

Results

The procedure was plausible and OECTs with desired dimension were successfully fabricated.
Some optimizations were required in step 2 to 3 and step 8 to 9, as these steps determined the
actual device dimension and the pattern alignment. In particular, channel length (10 um) and
Parylene C opening length (30 um) would be affected most significantly if optimizations failed.

However, one concern of this protocol is the second Parylene C layer might be peeled-off

accidentally by dicing tape during wafer dicing step (account for ~ 77 % of the devices). Ideally,
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the second Parylene C layer should not be peeled off until the polymer spin coating step is

completed.

Exposure Mask 1 (defines electrode)
EEEE
X N N N N
0 1 2 3 4 5

Exposure 0, plasma etching
Mask 2 (defines channel) i l

A

A B N SR L]
6 7 8 9 10 11

mmm Negative Photoresist
e Glass substrate

Gold

Parylene C
m Anti-adhesive
B Photoresist (AZ9260)
s Spin casted PEDOT:PSS

Scheme C1. Fabrication of OECT devices via photolithography based on Wustoni et al’s procedure

with some modifications.'*

Figure C1. Two photo masks used for defining gold (left) and Parylene C patterns (right).
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Figure C2. Microscope images after step 3, step 5, and step 9. The unit of the scale is um.
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Figure C4. Peeled-off OECT chip after spin coating (left) and images near channel region under
microscope after spin coating and peeled off (right). The channel width/length is 100 um/10 pm.
It is clear the PEDOT:PSS polymer is nicely confined in the defined area.
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APPENDIX D: PRINTING PROTOCOL
Appendix D describes the fabrication of PEDOT:PSS based OECT devices using both Canon

office printer and FUJIFILM Inkjet printer. Printed OECTs could benefit applications like point

of care (POC) biosensors, in which low fabrication cost is desired.

Materials

PEDOT:PSS (Clevios P VP Al 4083 or Clevios PH 1000) solutions were purchased from Heraeus.
Triton-X 100 was obtained from Sigma. PET substrate (PP2500) was obtained from 3M. PELCO®
colloidal silver paste was obtained from Ted Pella Inc. Office printer (PIXMA MG3520) and black
ink cartridge (PG-240 XL) were obtained from Canon. Inkjet printer (Dimatix DMP 2831) and
cartridges were purchased from Fujifilm. Silver jet ink was acquired from Advanced Nano
Products. Sodium chloride, Calcium chloride, Ethylene glycol and Dimethyl sulfoxide and all
other solvents were obtained from Fisher Scientific. All chemicals were used as received without

further purification.

Methods

Ink Preparation

The inks were prepared by adding different percent of DMSO, EG and Triton-X 100 (TX100) into
commercial PEDOT:PSS solutions filtered with 0.45 um cellulose filter. DI water was added to
adjust the viscosity of the final ink solution. The addition of DMSO or EG improved the film
conductivity after annealing.® The addition of Triton-X 100 helped to overcome the surface

tension of PET substrate.*®32
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Cartridge Filling

For the Canon office printer, the sponge inside the black ink cartridge (Figure D.1) was taken out
and both sponge and cartridge were thoroughly cleaned by DI water. The PEDOT:PSS ink (~3 mL)
was then filled into the cartridge and the cartridge was installed back into the office printer. The
printing process is the same as printing documents using Microsoft Office Word software. The
resolution of the office printer is 600x600 dpi or 42 um /pixel (dot) for black ink.

For FUJIFILM Inkjet printer, roughly 1 ml of Ink 15 was injected directly into the cartridge
(Figure D1). The printing process was controlled by custom FUJIFILM software. The substrate
temperature was maintained at 60 °C and the nozzle angle was fixed at 90°. The drop spacing used
was 25 um or 50 um during fabrication and the resolution of the inkjet printer is 25 um /pixel (dot).
Three or six layers of PEDOT:PSS patterns were printed first. Silver circuits were then printed
using the other cartridge. The whole devices were annealed under 100 °C on hotplate after printing
for 30 minutes. Other detailed printing parameters were either followed the existing protocol in
Washington Clean Energy Testbeds (WCET) or based on Wang et al’s procedure.*3

Additionally, we found that both cartridges broke after a period of time, which varied from

several days to several weeks. This may be due to either nozzle clogging or print head damaged

by the strong acidity of PEDOT:PSS solution. An alternative is to use P JET 700 (also PEDOT:PSS

solution) from Heraeus instead, with little compromise of film conductivity (650 S/cm) compared

to PH 1000 (850 S/cm with the addition of 5% DMSO).
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Figure D1. The photo of Canon office printer (upper left) and its cartridge (upper right). The image
of FUJIFILM Inkjet printer (bottom left) and its cartridge (bottom right).

Results

Ink Characterization and Surface Treatment

The viscosity of ink solution was critical for successful printing process. Though viscosity between
2 cP and 30 cP was jettable for FUJIFILM inkjet printer, the optimal viscosity was 8 cP — 13 cP
as recommended by the company. The ideal ink viscosity for Canon office printer should be around
5 cP — 10 cP based on its original black ink. We found that different PEDOT:PSS solution based
inks behaved very differently (Figure D2), which may be due to different PEDTO to PSS ratio.
According to Heraeus, the PEDOT to PSS ratio was 1:6 for P VP Al 4083 and 1:2.5 for PH 1000.
P VP Al 4083 based ink solutions were close to Newtonian fluid, in which viscosity kept constant
as shear rate increasing. The viscosity of Ink 5 and Ink 6 were about 8 cP, which was ideal for both
printers. PH 1000 based ink solutions were close to pseudo plastic fluid, in which the viscosity
decreased as shear rate increased. This made the choice of ink solution harder as it is unclear which

viscosity under which specific shear rate should be compared.
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Substrate surface treatment and surfactant in the ink are also crucial to the printing quality.
A discrete pattern was obtained without the addition of surfactant, Triton-X 100 (Figure D3).
Through contact angle measurements, the optimal surface treatment condition was determined to
be adding 0.3% surfactant into ink solution and to treat the PET substrate with UV Ozone for 10

minutes before printing. And we successfully printed our devices with Ink 6 and Ink7 using Canon

office printer, and Ink 13 using FUJIFILM inkjet printer. Though the viscosity of Ink 7 was higher

than the ideal viscosity, we were still able to print out patterns using Canon office printer.

Planar OECT Designs

Aiming for point of care biosensing applications, several planar OECT devices were designed
(Figure D4). The printed devices were shown in Figure D5. Design 1 was quickly eliminated as
the redundant circuit merely increased the resistance. In Design 2, the silver paste was applied for
lowering the contact resistance (Rc) between conducting polymer (CP) film and the metal
electrode. Toward the goal of biosensor application in the future, in Design 3, flow channel-OECT
was also accomplished by mounting the PET with acrylic gadget similar to the custom-built SPR

flow channel system in the lab.
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Figure D2. Viscosity measurements of PEDOT:PSS based inks.
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Without surfactant

With surfactant

Ink 5

Ink 6

(w/ 0.3 % Surfactant)

PET (Untreated)

74.33

Table D1. Ink Composition

PET (UV Ozone, 10 min)

PET (UV Ozone, 20 min)

23.36'

A . ﬁ

Figure D3. Printing results on PET (left) and contact angle measurements (right).

Ink Unfiltered Filtered Unfiltered Filtered DI Triton-X
(Vol %) 4083 4083 PH1000 PH1000 | water | PMSO | EG | "o Note
5 0 80 0 0 0 0 20 0
P VP Al 4
6 0 80 0 0 0 0 20 0.3 083
7 0 0 0 80 0 0 20 0.3 PH100
8 0 0 0 90 0 0 10 0.3 +
9 0 0 0 95 0 0 5 0.3 Different
10 0 0 0 99 0 0 1 0.3 EG%
11 0 0 0 80 0 20 0 0.3 PH100
12 0 0 0 90 0 10 0 0.3 +
13 0 0 0 95 0 5 0 0.3 Different
14 0 0 0 99 0 1 0 0.3 DMSO%
2X Dilution
15 0 0 0 475 475 5 0 0.3 oF Ink 13
2X Dilution
16 0 0 0 475 475 0 5 0.3 o Ink 14
2X Dilution
17 0 0 0 23.75 71.25 5 0 0.3 oF Ink 15
2X Dilution
18 0 0 0 23.75 71.25 0 5 0.3 oF Ink 16

157



Design 1 Design 2 Design 3 5 Agink

CPink
10mm 10mm 1mm

10mm  1mm 5mm u
G 2.5mm D - Agpase  Agpaste Overlap
— 5mm G D | 5mm
10 mm || 5 mm - - lmm- |5mm B Flow channel
a S Ag paste
imm 5mm s 1mm 5mm ® Inlet& outlet

=k <L =€ =L

o

i

Figure D5. OECTs printed on A4-size PET by Canon office printer (upper left) and a single
transistor with silver paste (to minimize contact resistance) and the white reservoir to hold the
electrolyte (upper right). An OECT with silver electrode printed by Fujifilm printer (bottom left)

and coupled with the flow channel (bottom right).
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