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Organic electrochemical transistors (OECTs) are highly versatile in terms of their form factor, their

fabrication technology, and their freedom in the choice of substrate material. Their ability to trans-
duce ionic into electric signals and the use of bio-compatible organic materials makes them ideally
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suited for a wide range of applications, in particular in areas where electronic circuits are interfaced
with biologic matter. OECT technology has attracted widespread interest during the last years, which
was accompanied with a steady increase in its performance. However, this progress was mainly driven
by optimization and less by a targeted design of new device geometries and OECT materials. To
narrow this gap, this review provides an overview on the different device models used to explain the
underlying physics governing the steady and transient behavior of OECTs. It is shown how the mod-
els can be used to find synthetic targets for better performing OECT materials and various materials
classes used for OECTs are summarized. Overall, a road-map of future research in new device models
and material design is presented summarizing the most pressing open questions in the understanding

of OECTs.

1 Introduction

A continuous decrease in production cost alongside an ever in-
creasing performance has made transistors ubiquitous in our daily
life. Whereas crystalline silicon is used in high-speed complemen-
tary metal-oxide semiconductor (CMOS) circuits, a wide variety
of materials such as oxide semiconductors, polycrystalline silicon,
or even organic semiconductors is used for thin film transistors
(TFTs).

In recent years transistors have moved into the focus of re-
search that can be interfaced with biological systems. For these
applications, signals carried by ion currents have to be transduced
into electric ones. Thus, a new transistor technology based on
semiconducting materials that can conduct both, ionic and elec-
tronic charge, became of crucial importance: Organic Electro-
chemical Transistors (OECTs).

Organic electrochemical transistors are highly versatile in terms
of device design, fabrication technology and choice of substrates.
The use of organic semiconducting polymers as channel material
opens the possibility for low-cost processing technologies such as
screen-printing, spray-coating,b] inkjet printing,m or inexpen-
sive 3D printing like fused deposition modeling (FDM).2 OECTs
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have been processed on rigid glass substrates, 19 flexible plastic
substrates, on paper,m textiles, fabric,[mﬂm carbon nan-
otubes fibers, I8 ultra-thin films like parylene,lﬁ] and onto stretch-
able substrates. 1220 1n addition to the stretchable nature of some
OECTs2U some of the semiconductors used are self-healable22/23,
making them ideal candidates for implantable electronics. Some
OECTs have a planar geometry, i.e. all three terminal are in
a single plane, whereas others are vertical®26 with the gate in
a different plane as the source and drain contact. OECTs have
been integrated with microfluidic circuits27#29 while some have
channels in the form of 3D scaffolds. 2031

Not only are OECTs highly versatile in terms of their shape and
form factor, but can as well be optimized for various applications.
OECTs are e.g. used as bio-chemical sensors, 2812812932139 eJectro-
physiological sensors, 184041 neyromorphic devices,242%44 pres-
sure sensors,45 or wearable1517 and implantable devices. 18146147

Their stability was also found to be satisfactory for their intended
use. 23124148

The general setup of an Organic Electrochemical Transistor
(OECT) is shown in Figure Similar to the other transistor tech-
nologies, OECTs have three terminals labeled Source (S), Drain
(D) and Gate (G). The source and drain electrode are in contact
with a thin film of an organic semiconducting layer forming the
transistor channel.

The transistor channel is connected to the gate electrode by
an electrolyte. The distribution of ions inside the electrolyte and
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Fig. 1 Schematic diagrams of an Organic Electrochemical Transistor
(OECT) and its operation mechanism.

semiconductor channel can be controlled by the potential applied
to the gate V(= Vgs). In Figure [1} a positive voltage is applied
to the gate electrode, which forces cations to move into the semi-
conductor channel.4? Inside the channel, these ions can dope or
de-dope the semiconductor, which changes the charge carrier con-
centration inside the transistor channel. Hence, the conductivity
of the semiconductor and the magnitude of the drain current is
modulated by the amount of injected ions and thus the gate volt-
age.20

There are two different operation modes, depending on the
way the charge carrier density is modulated: depletion and ac-
cumulation mode.”! In OECTs operating in the depletion mode,
the semiconductor material is electrically doped, resulting in a
large density of free charge carries and therefore a high conduc-
tivity even without an applied gate voltage. Forcing ions into the
semiconductor leads to a de-doping of the bulk of the channel,
which in turn results in a decrease of the charge carrier density,
the channel conductivity, and hence the drain current. If the gate
potential is sufficiently large, the drain current can be completely
suppressed and the transistor is switched off.

In comparison to depletion type OECTs, OECTs operating in ac-
cumulation mode are initially devoid of charge carriers and the
transistor is in its off-state. Applying a gate potential Vg will
again force ions into the transistor channel, which however are
designed to dope the material and to increase its conductivity.

Several semiconducting materials were developed for
OECTs. The most commonly used material is the p-doped
semiconductor poly(3,4-ethylenedioxythiophene) doped with
poly(styrene sulfonate) (PEDOT:PSS).>2 Similarly, the polymer
poly(2-(3,3-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2’-
bithiophen]-5-yl)thieno[3,2-b]thiophene), p(g2T-TT),23 can be
used as accumulation mode materials in which the presence
of anions results in p-doping to switch the transistors into the
ON state. Further materials classes were developed, but the
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field is slowed by an incomplete understanding of the details of
OECTs operation mechanism and a lack in clear design rules for
highly-efficient OECT materials.

To address this challenge, we intend to complement previ-
ous reviews on OECTs2428 and to bridge the gap between cur-
rent device models and materials synthesis, hopefully stimulating
a more targeted design of high-performance materials. To ac-
complish this aim, the most common OECT device models are
reviewed here. An emphasis will be put on capacitive mod-
els21159160Section , before more refined models based on two-
dimensional drift-diffusion simulations are discussed in Section
[3). with the background in operation mechanisms of OECTs, re-
cent developments in materials synthesis and novel OECT mate-
rials are summarized in Sections[5.1.1]to[5.1.5]

2 Compact Device Models Based on Capac-
itive Gate Coupling

2.1 Benards-Malliaras Model: Steady State Behaviour.

Although other device models were proposed before, 0162/ the de-
vice model proposed by D. A. Bernards and G. G. Malliaras in
20071 became the first standard model. Initially formulated for
PEDOT:PSS based depletion OECTs, it is nowadays widely used
to extract device and material parameters of a wide range of dif-
ferent OECTs.

The model of Bernards heavily relies on standard thin-film tran-
sistor theory and implicitly invokes the gradual channel approxi-
mation®2 of TFT theory. The device model is sketched in Figure
The transistor channel is assumed to have a length of L, a width
of W, and a thickness of 7. In the following, the x-axis extends
from the edge of the source electrode at x =0 to the edge of the
drain electrode at x = L.

This complex three terminal OECT structure is separated into
two independent parts - an electronic and an ionic circuit as
shown in Figure Transport of ionic charge in the electrolyte
and the semiconductor is described by a series connection of an
ionic resistance and a capacitive element resembling the gate ca-
pacitance used in standard thin-film transistors. The capacitance
Cg is defined as the ratio of the charge of the injected ions per
unit area dv%li) to the voltage across the capacitor. If the current
in the electrolyte is small, one obtains

_do(x) 1

G AW Vo900 W

with Vi; the potential of the gate, and ¢ (x) the potential along
the transistor channel.

Equation [1| assumes that without voltage applied across the
gate capacitance, no cations are injected into the semiconductor.
However, this assumption neglects any difference in the chemi-
cal potential at the gate and the source electrode, and further-
more any charge accumulation at the interface between the semi-
conductor and the electrolyte. To account for these effects, a
threshold voltage V7, neglected in original model of Bernards and
Malliaras, can be defined similar to the threshold voltage of field
effect transistors (FET). Thus, the charge dQ of cations injected
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Fig. 2 OECT device geometry used in the Benards-Malliaras model.
The channel is formed by an organic semiconductor of length L between
source (x=0) and drain (x=L). A thin element of the channel (length dx,
width W) at position x is sketched as well. Due to the voltage difference
between the gate electrode and the channel potential ¢(x), cations with
a total charge dQ(x) are injected into the channel.>!

at x becomes:
dQ(x) =Cg-W-dx (Vo —Vr — ¢(x)), 2)

and the total charge of cations that enter the transistor channel
becomes:

L L
0= [ dow dr=CoW [ (Vo-Vr—9w)dx ()
0 0

The electronic part of the OECT is described by Ohm’s law. As-
suming a p-type semiconductor, one obtains
d¢(x)

J(x) = *eNP(X)W @

where J is the current density, e is elementary charge, u is the
hole mobility, and p(x) is the hole density along the channel.

The ionic and electronic systems of an OECT are strongly cou-
pled. Bernards and Malliaras assumed the coupling to be medi-
ated by an electrostatic de-doping process. Whenever the gate is
positive with respect to the channel (i.e. Vi > Vr + ¢(x)), cations
will migrate into the polymer. Assuming that the semiconductor
remains electrically neutral, a hole will be extracted at the elec-
trodes. Hence, assuming that every cation replaces one free hole,
the hole concentration p(x) along the transistor channel becomes:

dQ(x)
a ep,,deT) )

p(x)=po (1

where p, is the initial doping concentration inside the organic
semiconductor.

Replacing the hole concentration in Equation 4] by Equation
and Equation [2]results in the steady state current density J(x):

Vo—Vi—0()] do)

Vp dx ©

J(x)=eup, |1

where Vp = ep,T/Cg is the pinch-off voltage of the transistor,

which is a function of the device material, device geometry and
doping concentration.

As the current density J(x) has to be constant along the transis-
tor channel, one can integrate Equation[6] to obtain an analytical
expression for the drain current:

1—

Ip=G Vb @)

where G = e,upog is the conductance of the channel without
gate voltage applied.

This relation is valid for the linear regime of the transistor only,
i.e. the region where no part of the channel is fully depleted of
holes (i.e. for Vp > V5 — Vr — Vp). If the drain potential becomes
too negative, i.e. for the region of Vp < Vi — Vi — Vp, the transistor
channel is pinched off at the drain and the hole concentration
drops to zero at the drain forming a highly resistive region. The
drain current saturates and one obtains:

Vo —Vr —Vp]? Vi W
ID:—G[G 2‘T/P ’) :_G[ZDVP] :—l«lCGi[VBMP ®

which is identified as saturation regime, where V¥ =V5—Vr —Vp
is the drain voltage corresponding to Vg that marks the transition
between saturation and linear regime.

Originally,®L' it was postulated that the total capacitance Cg
scales with the device area, but it was shown later by Rivnay et
al.% that Cg; is proportional to the total volume of the semicon-
ductor (cf. Figure . Similarly, Prigodin et al.®4 proposed in
2008 that the capacitance of a mixed conductor depends on its
volume. Assuming that ions and electric charge are transported
in the same phase, they were able to relate the capacitance to
the screening length of ions and electrons/holes r; and r, at the
interfaces to the mixed conductor

€&
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9

Scaling of the gate capacitance with the sample volume sets
OECTs apart from other transistor technologies, i.e. it shows that
charge is transported throughout the bulk of the semiconductor
and not only at the dielectric/semiconductor interface. This prop-
erty partially explains the high transconductance values observed
in OECTs and hence their large signal amplification. Furthermore,
the large gate capacitance justifies that charge accumulated in the
double layers at the gate/electrolyte or electrolyte/semiconductor
interfaces are often neglected. However, in particular for the use
of OECTs as sensors, the fraction of the gate potential that drops
across these interfaces and the double layer gate capacitances is
essential, which is discussed more in detail in Section|[5.2]

The assumption of a constant hole mobility neglects the fact
that the transport in organic semiconductor is marked by hop-
ping in a complex density of states, which is known to introduce
a charge carrier dependency of the mobility. 02708/ Assuming an
exponential density of states DOS, Friedlein et al.>? were able
to introduce a more complex mobility to the original Bernards-
Malliaras model. Based on the work of Vissenberg et al.®8 they
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Fig. 3 PEDOT:PSS capacitance determined from impedance spec-
troscopy for devices of varying geometry. Inset: OECT configuration and
channel dimensions (W, L, and T). The linear fit to the capacitance data
(red dotted line) yields a volumetric capacitance C* =39.34+1.3 F cm™3.
Adapted from AAAS with permission.©% Copyright (©) 2015 Rivnay et al.

used the following dependence of charge carrier (hole) mobility
on carrier density for disordered amorphous channel:

Eo

KBB_I
1(p) = o (ﬁ) (10)
Po

where E, is the disorder parameter describing the energetic width
of the tail of the density of states, K is Boltzmann’s constant, 6
is temperature, and L, is a mobility prefactor that is independent
of carrier concentration, but may depend on other factors such as
temperature.

Using Equation 10} relation 7] becomes:

Vp \ Gat!
Ip=G—? V[(l VG_VT_ZD>B
D = E P -,
o +1 Vp

Vo — Vi Kso
(1= Vp
Vp

for Vp > Vg —Vr — Vp i.e. linear regime. The saturation current
becomes (cf. Equation [8)

(1D

=0 +1

K0 Ve

Vi —Vp\ %ot

Vp (1 - 7) (12)

Although the incorporation of a concentration dependent mo-
bility is found to improve the fit of accumulation and depletion
5969 and seems to lead to an improved fit of the
charge carrier distribution along the transistor channel,®? the ex-
perimental results of Campbell et al.Z% indicate that - at least for
some materials characterized in a standard OFET geometry - a
dependency of carrier mobility on concentration can be absent or
at least minimal.

Overall, the Bernard-Malliaras model has been proven useful
for its simplicity and is often used to extract device parameters

mode transistors
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and to fit device characteristics. Not only is it used to discuss the
steady-state of OECTs, but has been extended by several authors
to describe the transient response of OECTs as well.

2.2 Benards-Malliaras Model: Transient Behavior of OECTs.
The first attempt to model transient behavior of OECTs was re-
ported in the original Bernards-Malliaras model.”!' As already
discussed for the steady-state model, the transient behavior of
OECTs is determined by two systems - an electronic and an ionic
one. The ionic contribution to the transient response jj,,(x) is de-
fined by injection of cations from the electrolyte into the organic
film. The increase in net charge inside the organic film will be
compensated by a removal of holes at the drain electrode. Hence,
one obtains for the ion current as a function of position along the
channel jj,, (x,1)
Jion(x,1) = fe@dx (13)
t

Bernards and Malliaras simplified the problem by neglecting
the the spatial variation of the potential and hole density along
the channel, i.e. by using an average hole density p(r) and ionic
current jin(¢) only.

L
o) = 7 [ dxptn), a9

L
) = 7 | v itxn) (s)
Although the ionic gate current is assumed to be zero at steady
state conditions, it is non-zero under transient conditions as ions
move in and out of the organic layer, comparable to charging and
discharging of a capacitor. Adding these time varying contribu-
tions, the drain current as a function of time can be approximated
by:

Vb dp(t)

IO = Jpl0) = Tunlt) = enplt) P +efL,

where f is a proportionality factor that was introduced to ac-
count for the error made when neglecting the spatial variation of
the doping and de-doping process and the ion current. This factor
f is expected to depend on the gate and drain voltages.

Using Equation 5] the transient current /(t) = J(r)-W - T as de-
scribed by Equation [16|becomes

I(t):G(l—%> VD—fdgt(t) 17

(16)

where, V= WTL is the volume of the channel, T is the thickness
of the channel and Q(¢) is the transient response of the relevant
ionic circuit.

This general relation can be solved for two limiting cases, either
assuming a constant gate current I = ”2—? = % or, alternatively,
assuming a constant gate voltage Vi;. Applying a constant gate

current for ¢ > 0, the time varying drain current becomes:

1(t,16) =1, — I; <f+ Ti> . (18)

e

Here, I, = G-Vp is the drain current at steady state (i.e. for Iz =0)



and 7, = {5 = pL—‘iD is the time constant of the electronic system.

This relation provides a straightforward means to extract the
effective hole mobility in the semiconductor film. Bernards and
Malliaras indeed used this relation to predict hole mobility of PE-
DOT:PSS near the Fermi level from the extracted 7, and showed
that the results are in agreement with literature values ZU72] (cf.
Figure[4h).

In the other limiting case a voltage step function V;; is applied
to the gate. In this case, the change in cations inside the PE-
DOT:PSS layer ‘2—? is determined by charging the gate capacitor

C¢ through the ionic resistance of the electrolyte R. It follows:

0(1) =0y (1-¢77) a9

where 1; = RC, is the capacitive charging time constant. In the
linear regime, i.e. before the channel is pinched off, the tran-
sient current can be calculated assuming an average voltage drop
across the gate capacitor of A=V — %VD as:

I(tva) :Iss(VG)+AIss (17]6%) exp (7%> (20)

1 1

[T t)

where subscript “ss
I (Vg =0) — Li(Vg).

Depending on the relative magnitudes of f, 7, and 7;, two qual-
itatively different responses are predicted when applying a gate
voltage pulse: a monotonic decay or a spike-and-recovery type re-
sponse (cf. inset Figure [4p). Neglecting the voltage dependence
of the double layer capacitance formed between the semiconduc-
tor and the electrolyte, and assuming a linear conductivity of the
ionic solution, one finds that 7; ~ [ /Col/ 2,73 where [ is the length
of the electrolyte and C, is the ion concentration. This leads to a
ratio of 7,/7; ~ LZCOI/ 2 /luVp, which determines which time con-
stant dominated the transient behavior. Bernards and Malliaras
varied Vp to tune this ratio and operate the transistor in the two
characteristic regimes and as seen in Figure [4p.

signifies steady-state currents and Al =

2.3 Other Modified Equivalent Circuit Models: Transient Be-
havior of OECTs.

Several authors proposed improvements to the transient model
of Bernards et al.ll Most importantly, they improve the model
by reducing the error introduced by averaging holes and ion cur-
rents along the transistor channel (cf. Equation and to find
a physical interpretation for the ad-hoc constant f introduced in
Equation For example, Gentile et al.Z# interpreted f as the
fraction of the penetration depth of ions into the semiconductor
over the total thickness of the semiconducting layer.

Friedlein et al.”® described a first attempt to introduce a (sim-
plified) spatial dependence of the transient gate current. He mod-
eled the ionic gate current by an equivalent circuit that explicitly
separates capacitive gate coupling to the source and drain elec-
trode.

Faria and co-workers extended this concept and defined the fac-
tor f as the fraction of gate currents that flows to the drain.”6/77
Accordingly, the time dependence of drain current can be sepa-
rated into three different contributions as in Equation [21| below

(cf. Figure[5k).
In(t) =1, — fI(t) + ALy = Io — f - I6(t) £ gmVen (1) 1)

The first contribution, I,, is the steady-state drain current,
which is a function of device dimensions and the channel ma-
terial.

Ig(t) is the transient gate current flowing in response to a
change in the gate potential. As discussed above, the factor f de-
fines the fraction of gate current flowing towards the drain elec-
trode, while the remaining fraction of the gate current, (1— 7 M,
flows towards the source and does not contribute to the drain
current. This contribution to the drain current is short-lived and
relaxes to zero ones the device reaches its steady state. Finally,
Al.;, = gV, is the change of the steady-state drain current in re-
sponse to the change in potential measured directly at semicon-
ductor/electrolyte interface V.. Here, g, is the transconductance
of the device, i.e. g, = ?9(25

V., is not experimentally accessible, but to calculate it from the
potential applied to the gate, Faria proposed a slightly adapted
equivalent circuit shown in Figure [Sp. In this circuit, R, and C,
represent the resistance and capacitance of the transistor chan-
nel, respectively, while the resistance of the electrolyte solution is
modelled by a linear resistance Ry. Faria et al. were able to obtain
a general solution for I and V., and thereby Ip, in response to a
voltage step function applied to the gate V;, = V,&(r)

_ Vo (ngd - 1) VoRy (ngs + 1) R+ Ry
ID(I) =Ip+ - —
Rj+Rs Ry(Rq +Ry) CaRRs
C, R R,
_ dNd s (23)
Ry +Rs

Here 7 is the time constant of the equivalent circuit proposed by
Faria, which is equivalent to the time constant found in Bernards
model ( T =CyR;) when R; > R;.

Faria et al. used Equation[22]to fit the transient response of reg-
ular PEDOT:PSS-based OECT and obtained Ry, R; and C,, which
were in good agreement with literature values.®? They further-
more generalized their solution to arbitrary input functions and
were able to find the drain current response for an applied sim-
ulated action potential. Also, this model was extended to de-
scribe the influence of a membrane on the transistor channel, and
showed that their results were in qualitative agreement to liter-
ature values, indicating that their model could be useful to the
OECT bio-sensing community.

In some cases, the transient response of OECTs is asymmetrical,
i.e. switching from on-to-off is different to off-to-on”. This effect
was explained by Ersman et al. by a lateral migration of cations
further into the transistor channel or drain electrode not covered
by the gate electrolyte. Using carbon electrodes, they were able
to minimize this effect, although at the expense of a lower on/off
ratio of the devices.

2.4 Model Including Diffusion of Ions: Transient Behavior of
OECTs.

All models discussed so far describe the ionic part of the OECT

by linear elements, i.e. standard RC circuits. The use of these
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Fig. 4 (a) Experimental transient drain currents of an OECT under application of a constant gate current. The inset shows a plot of the transient
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sponding equivalent circuit, (c) the individual current sources that con-
tribute to the observed drain current and (d) a collected drain current
measurement fitted to the transient response model. Copyright Materials
Research Society 2014.7
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equivalent circuits is capable of modeling electric drift of the ions,
but neglects diffusion.

Coppede et al.78 addressed this shortcoming and developed a
model that explicitly includes the diffusion of ions in the elec-
trolyte to determine the transient response of OECTs. This model
was used to selectively sense different analytes in a complex mix-
ture.

In this model, it was assumed that a step gate voltage is ap-
plied. Later on, Gentile and colleagues'ﬁIJ extended this work and
proposed a model that can be used for periodic driving as well.
The model combines elements of the original Bernards-Malliaras
model® and uses an equivalent circuit similar to the one pro-
posed by Faria et al.”Z However, the resistor R, (cf. Figure ) in-
troduced by Faria et al.77 i replaced by the Warburg impedance
Ry, which depends on the diffusion constant (cf. Figure|6).

In effect, the ionic system is described by a Randles circuit, i.e.
it is assumed that the rate of oxidation or reduction is limited by
the limited diffusion of ions toward the interface. One obtains an

expression for the diffusion resistance Ry/79180

1-J

NG

where  is frequency of the driving voltage, j= \/—1 is an imagi-
nary unit, and .7 is the Warburg coefficient, which depends on
temperature ®, universal gas constant R, Faraday constant F,
number of charges involved in the process n, area of the chan-
nel/electrolyte interface A, the concentration of ions in the elec-
trolyte C,, and the Brownian coefficient of diffusion of the con-
sidered ions D as:

Ry =9 24

=

R® (2
7= n2F2AC, (B) ' (25)
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Fig. 6 (a) Device model proposed by Gentile et al consisting of a silver
electrode and a PEDOT:PSS polymer embedded into an electrolyte. (b)
Equivalent ionic circuit used to describe the transport of ionic charge.
Here R; is the resistance of the electrolyte, Rcr is the charge transfer
resistance, Ry is the Warburg or diffusion impedance, and C; is the
double layer capacitor. Copyright 2016 Elsevier B.V.[4

Equation shows that the Warburg impedance combines two
components - a purely resistive and a purely imaginary term.

Using the Warburg resistance, the equivalent impedance of the
ionic circuit becomes

Zog=Z+Tj (26)
where 7
Bk VO +2Cy T0+2C%, 720} @7
and 1
7 (2Cd,9 + ﬁ) o8

T 1420 T Vo128, 70

This equivalent impedance results in a new expression for the
time dependent charge Q(¢) injected into the PEDOT:PSS channel
as described by Equation

_ " Ve()

dt 29
JO Zeq ( )

o(r)

Equation can be introduced into Equation used in the
original Bernards model®! to obtain the transient drain current
for an alternating gate voltage Vi, which, however, takes diffu-
sion of ions into the semiconductor into account as well. The
proportionality constant f, which was introduced to correct for
the spatially non-uniform hole distribution in the channel, was
assumed to depend on the channel thickness 7 and the penetra-

D
tion depth of ions into the channel leading to f ~ @
The authors calculated the drain current for a triangular gate

voltage with a frequency spanning from 0.01 Hz to 100 Hz. They
demonstrated that the time evolution of the drain current de-
pends on the particular ion species (charge, size and diffusiv-
ity) and the operating frequency. They observed two different
regimes: a high frequency regime where device is resistive, i.e.
the drain current follows the change in applied voltage; and a
low frequency regime, where current due to dedoping of the PE-
DOT:PSS film balance purely Ohmic currents.

The model was verified by a comparison to experimental data.
These experiments open the possibility to extract the type of ionic
species type and its concentrations. Still, the proportionality con-
stant f remains only vaguely defined, and more detailed models
are necessary to treat the spatial variations correctly.

3 Equilibrium Models

Capacitive models as described above are used to describe both
steady state and transient behavior of OECTs.>455169 I these
models>15216081l the jon concentration along the channel Q(x)
is calculated as a function of gate capacitance and applied gate
potential as given in Equation [2} which leads to a hole concen-
tration p(x) as described by Equation However, this approach
implicitly confines ion transport to the dimension perpendicular
to the channel. However, ions are expected to move laterally in-
side the channel as well, i.e. along the electric field caused by the
drain potential.>

The effect of neglecting lateral ion currents is shown in Fig-
ure , which plots hole concentration, ionic concentration and
the corresponding electric fields of a hypothetical transistor cal-
culated from Bernards model and assuming a gate capacitance
(c.f. Equation|[l). Figure [7b plots hole drift currents, ionic drift
currents and ionic diffusion currents resulting from Figure[7j. Al-
though the normalized hole current is constant along the chan-
nel, the ionic drift and diffusion current increase. A change in ion
current along the transistor channel indicates that ions arbitrar-
ily accumulate in the channel, or, in other words, that capacitive
models do not represent a steady-state solution.®2 Neglecting lat-
eral ion currents in capacitive models leads to a non-equilibrium
ion distribution along the channel and hence a non-equilibrium
hole and potential distribution along the channel as well.

Experimentally, Kaphle et al.82 used potential probes to mea-

sure the electric potential along the channel and compared their
result to predictions of standard capacitive models. It was found
that the experiment cannot be reasonably fitted by capacitive
models. Similarly, Szymanski et al.®3/ showed that the ion con-
centration along the channel differs from the predictions from ca-
pacitive models when ion movement along the channel is not re-
stricted in lateral direction. Consequently, predictions taken from
capacitive models have to be interpreted carefully, as they do not
necessarily correspond to the equilibrium state of the device.

In 2008, Prigodin and co-workers® proposed an alternative
analytical model of OECTs that is based on the assumption of a
constant electrochemical potential of ions inside the mixed con-
ductor, i.e. this model explicitly solves for the steady state distri-
bution of ions and holes along the transistor channel. Assuming
that the hole p and cation p;,, concentration are related to the
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chemical potential &,, &, of holes and ions by

Pion = Pion,0€Xp (]i;o; ) (30)
P = Ppoexp S 3D
kgT )’

they derived the following relation of the potential inside the tran-
sistor channel ¢ (x) on the gate potential Vi, drain current Ip, and
diffusion constant of holes D:

e () o2
= P0+ Pion0 — N —
kT P0 + Pion,0 o kgT D(po+ Pion)

(32)

Equation [32|is markedly different to the potential distribution

expected for capacitive models (see e.g.®2). In particular, ¢(x)
depends linearly on x, and it follows that Zidz’ =0.

Integrating the potential along the channel leads to the IV char-
acteristic Ip(Vp, Vi) of the transistors

eVp Pion0 4%}
cXp (kb‘T> + po XP (kBT>

Pion.0 Vo
1+ o SXp (kBT)

Ip(Vp,Ve) =1y (1 + pio"’o) In
Po

(33)
with Iy = % and Ry the resistance of the transistor channel with-
out gate voltage applied.

Similar to conventional transistor models, Equation results
in a linear and a saturation regime. For small Vp, i.e. in the linear
regime, the channel conductance G becomes

1 DPion0
R (1 + 7)

ion, Ve ’
[1 + Pt exp (;ﬁ)]

whereas for Vp > Vps g = Vo + %m (%), the drain current

G= (34)
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saturates at

‘ —eV,
Ipsat = —Io <1 + 71);3’0) In [1 +exp <7ek;;‘mt )] (35)

Although the model of Prigodin correctly describes the OECT
behavior under the assumption that ions are at their equilibrium
along the transistor channel, it has not been used frequently in the
field. In fact, Prigodin et al. stated in their original publication
that Equation [33|is not sufficient to explain the full switching op-
eration of their transistors and postulated an additional influence

f the injected ions on the hole mobility in the organic semicon-
juctor. o4

In parallel to this analytical model, several authors numerically
solved the continuity equation of ions in two dimensions, 284
yielding 2D drift diffusion models of OECTs. 78182186

Shirinskaya and co-workers®®® calculated the density of oxi-
dized and reduced PEDOT:PSS by Nernst’s equation, and used the
Poisson’s equation to determine the potential. Assuming electrical
neutrality they were able to study the ion and hole concentration
and the electric potential in a 1D electrolyte capacitance. Using
this hole concentration, the authors are able to calculate the vari-
ation in conductivity along the transistor channel and hence the
drain current at different drain-source and gate-source potential.
Overall, they were able to reproduce experimentally measured
profiles of OECT devices.

Similarly, in 2014 Coppedé et al.,”8 reported a model that
solves the transient transport of ions inside the transistor elec-
trolyte, which allowed them to calculate the density of ions in-
jected into the organic semiconductor and by the drain current.
Their model was used to discern between different ionic species
for sensor applications.

However, in these two models the coupling between the two
dimensions of the transistor, i.e. along and perpendicular to the
transistor channel, is still weak. Therefore, these two models will
suffer the same limitations as capacitive models and are not ca-
pable of treating lateral ion currents that equilibriate the electro-



chemical potential of cations.

No attempt to model the movement of ions along the lateral
dimension i.e. along the length of the channel was done un-
til Szymanski et al.®3 reported on a 2D simulation of OECTS.
Inspired by promising results obtained in a related problem of
electrochemical doping in organic materials,8” they successfully
used a drift-diffusion model implementing Poisson-Nernst-Planck
equations®® as a careful extension of previous works®2 on mod-
eling electronic devices with ionic transport.8890 Results of cal-
culations for steady-state, transient, and AC simulations of the
organic electrochemical transistor were presented using realistic
materials parameters and the results were validated with exper-
iments. Szymarnski et al. found that the electrical double layer
at the electrolyte/semiconductor interface is essential to under-
stand the working mechanism of OECTs. Furthermore, it was
shown that the ion distribution inside the channel will be altered
by laterally moving ions.

Recently, Kaphle et al.®2 presented another 2D drift- diffusion
model of p-type depletion OECTs. They showed that capacitive
models do not describe potential profiles along the transistor
channel correctly, but were able to fit the measured electric poten-
tial by their 2D drift-diffusion model. Their results suggest that
the steady-state ion concentration follows an exponential distri-
bution if the ions are allowed to move laterally under the influ-
ence of source-drain potential.

Their interpretation of the device mechanism is slightly differ-
ent to the mechanism proposed by capacitive models. The injec-
tion of ions into the semiconductor is not governed by the differ-
ence of the gate and channel potentials (cf. Equation [2), but is a
result of the balance between drift and diffusion of cations inside
the semiconductor.

Due to lateral ion currents in the device, cations tend to accu-
mulate at the drain electrode of the OECT. This tendency shifts
the focus of the working mechanism of the device away from the
bulk organic semiconductor to the organic semiconductor—drain
electrode interface. As discussed below, this accumulation of ions
at the electrodes could be seen as a contribution to the contact
resistance observed in some devices.

The 2D drift-diffusion model of Kaphle et al. was used as well
to explain the observed bell shaped dependence of transconduc-
tance on gate potential and its scaling laws with device geom-
etry.84 A well defined peak in transconductance is observed at
some gate voltage Vi . This particular voltage, Vi yqy, depends
on the device dimensions and drain potential. The position of
peak shifts towards more negative gate voltages for stronger drain
bias (more negative with reference to source). Furthermore, the
maximum transconductance increases exponentially on drain po-
tential. The presence of parasitic resistance leads to the depar-
ture from linear dependence of g, mqx ON geometrical factor %
to exponentially saturating dependence. This saturation is more
severe for weaker drain bias.

In most drift-diffusion models used to predict OECT behav-
ior® and to explain charge transport in organic conjugated poly-
mers, 2192/ electronic and ionic charge carriers are considered to
move in the same phase, i.e. both charge species are experienc-
ing the same electric potential. In contrast to these single phase

Contact resistance

Ohmic resistance

Fig. 8 Cartoon of Organic Electrochemical Transistor showing parasitic
resistance.

models, Tybrandt et al.®2 proposed that there is a spatial sepa-
ration between a conjugated polymer (CP) and poly-electrolyte
(PE) part of the polymeric semiconductor, with electric charge
transported along the CP phase and ions in the PE phase. Hence,
in their drift-diffusion model of hydrated CP-PE blends, Tybrandt
et al. introduced two distinct electrostatic potentials for the elec-
tronic and ionic phases. Consequently, the capacitive behaviour
can be explained in terms of electric double layers (EDLs) formed
between the CP and PE phase. Overall, this model indicates that
CP-PE blends have to be treated as a two-phase system consist-
ing of a semiconducting phase embedded in a matrix of PE. The
volumetric capacitance observed in OECTs (cf. Fig is there-
fore a direct consequence of the three dimensional intermixing
of the two phases, leading to an electrostatic potential difference
between the electronic and ionic phases resulting in an EDL. The
model was shown to fit well with the observed current voltage
characteristics of PEDOT:PSS based OECTs.

4 Other Modelling Considerations

4.1 Parasitic Resistance

In all OECT models discussed so far, the source and drain contacts
were assumed to be ideal and the drain current is entirely deter-
mined by the channel resistance. However, in reality, parasitic
series resistances exist which are caused by imperfect injection or
extraction at the source and drain contacts (cf. Figure . When
these parasitic contact resistances have a significant contribution
to the total resistance of the device, they will degrade the device
performance and can lead to inaccurate estimation of device and
material parameters e.g. carrier mobility.

There are two different contributions to the parasitic resistance.
One is an obvious Ohmic resistance of the metallic interconnect
lines between the power supply and the source/drain electrodes.
For example, Donahue et al.2®
significant in case of short channels and large % ratios. In par-
ticular for highly conductive materials such as PEDOT:PSS, which
is often treated to improve its conductivity further by several or-
ders of magnitude,?? the resistance of leads might be a significant
factor.

showed that the line resistance is
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A second parasitic resistance is the contact resistance that orig-
inates from the polymer electrode interface. Contact resistances
in OECTs were first reported by Kaphle et al. in 2016.23 They
used two different formulations of PEDOT:PSS and showed that
the effect of contact resistance is severe in the case of highly
conducting channel materials. Contact resistance measured by
the transmission-line method (TLM) measurements of OECTs was
found to depend on gate voltage. With the help of the contact re-
sistance, the authors were able to explain the non-monotonic de-
pendence of transconductance on gate voltage and an empirical
model for its dependence on gate voltage was proposed as shown
in Figure[9]

In contrast to these studies, Friedlein et al.24 found that con-
tact resistance is only a secondary cause for the non-monotonic
transconductance and argued that the energetic disorder of the
polymeric semiconductor is the primary cause of bell-shaped de-
pendence of transconductance on gate potential.

The origin of the contact resistance in OECTs is currently not
well understood. In OFETs, the contact resistance is mainly due
to injection barriers at the source contact and misalignment of the
energy levels at the metal/semiconductor interface.2596 Thus, in
OECTs a mismatch in energy levels of the polymer and electrode
materials might cause the contact resistance. This, however, does
not entirely explain the exponential dependence of the contact
resistance on the gate voltage. Recently, Kaphle et al.®2 proposed
that the accumulation of cations at the drain electrode due to
lateral drift of ions along the channel leads to a parasitic voltage
drop at the channel/drain interface that can be modeled by a con-
tact resistance. Paudel et al.84 performed similar 2D calculations
and showed additional series resistance explains the observed sat-
uration of transconductance on the device geometry % (cf. Fig-
ure[I0h). Similar effect of contact resistance on transconductance
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was previously reported (cf Figure 23 ysing Bernards Model>!

as well.

In addition to lowering the transconductance, contact resis-
tance is also predicted to shift the gate voltage corresponding to
the peak transconductance to more positive voltages.>>

The influence of contact resistances goes beyond a reduction in
transconductance. In 2017, Stoop et al.2Z studied the signal-to-
noise ratio (SNR) of OECTs and found that the contact resistance
increases the noise level and suggested to use large-area polymer
channels to maximize the SNR.

Later on, it was found that the overlap area of the source/drain
contact with the organic semiconductor?®! does not influence the
steady-state transconductance and noise, but changes the fre-
quency response of the device. This shows contact resistance is
independent of the overlap area and is a function of materials and
charge injection contacts.

Various techniques are known to reduce contact resistance
in OFETs, 22192 byt not all of these methods are applicable to
OECTs. The injection into n-type OECTs was optimized by adding
two different thiol based self assembled monolayers (SAMs)103
on the gold electrodes. It was reported that 4-methylbenzenethiol
(MBT) SAM enhances overall performance whilst pentafluo-
robenzenethiol (PFBT) has an opposite effect on transconduc-
tance. As both SAMs were shown to decrease the contact re-
sistance, contact resistance is not seen to be the only factor in-
fluencing the transconductance. A study of the surface energy
and topography of the polymer films revealed that the semicon-
ductor solution preferentially wets the MBT functionalized gold
electrodes, but does not cover untreated gold completely. This
also has a positive impact on the quality of semiconductor film-
formation in the channel.

A scanning probe setup using scanning electrochemical mi-
croscopy (SECM) to obtain the local electrochemical potential
of the device channel and electrolyte was used by Mariani et al.
along with a model to relate measured potentials to local carrier
concentration, charge carrier mobility and contact resistance for
OECTs.1%4 This technique is versatile and can directly measure
device operation providing a non-destructive way for a direct as-
sessment of the device performance. They observed a step in the
potential at the source/drain contacts in the form AV, (cf. Fig-
ure[11)) similar to the findings of Kaphle et al.,22/ who related this
drop to the contact resistance R,.

4.2 Future directions in OECT Device Modelling

Our understanding of OECTs has rapidly grown in the past decade
and still continues to improve. However, despite this progress, the
goal of a quantitative and predictive OECT model has not yet been
reached. There are several key questions that are still unanswered
and have to be addressed.

Most importantly, more morphological studies have to be per-
formed to understand the different ion and hole conductive
phases inside mixed conductors, and to decide if a homogeneous
device model is sufficient to capture OECTs correctly, or if com-
plex multiphase structures have to be incorporated into the mod-
els.
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Similarly, except for the model of Shirinskaya,8® the de-doping
mechanism inside the mixed conductor is modeled in a highly
simplified way as a purely electrostatic process, neglecting the
detailed balance between the oxidized and reduced form of PE-
DOT:PSS. More sophisticated models have to be found, in partic-
ular to capture the transient response of OECTs better.

Furthermore, the precise coupling between ion and hole mo-
bility is not understood. First results of Friedlein et al.24 already
showed that the hole mobility is not constant, but most likely de-
pends on ion and charge concentrations. Similarly, Prigodin et al.
described a mechanism to explain a change in hole mobility due
to the presence of ions.®* A microscopic understanding of hole

and ion transport in mixed conductors has to be found before
OECT models can be expected to become predictive.

Finally, ion accumulation at the source and drain electrode of
the OECT will influence charge injection and extraction signifi-
cantly. Models that describe charge injection in the presence of a
large ion concentration have to be found.

5 Materials Design for OECTs

5.1 Channel Materials.
5.1.1 General Overview.

As previously discussed, our understanding of the working mech-
anisms of OECTs is still evolving and a predictive device model
has still not been found. Although this lack in detailed under-
standing makes it challenging to formulate precise design rules
for high-performing OECT materials, our current level of under-
standing is sufficient to guide further materials development.

As shown in the discussion of the Bernards and Malliaras
model, the transconductance g,, of the transistors in the satura-
tion regime becomes®#

W e

8m = ZT,UC (Vlh - VG)7 (36)
i.e. the transconductance scales with the geometric factor g, o«
%T. This scaling law is in fact not bound to capacitive models,
but is found for equilibrium models as well.®% Therefore, the ma-
terials dependent factor of Equation [36} uC*, is used as figure of
merit that is optimized for new materials. It combines the hole or
electron mobility u, describing the efficiency of charge transport,
with the volumetric ionic capacitance C*, describing the effective-
ness of ions to penetrate the semiconductor and control the drain
current.

The figure of merit uC* is a good design target to optimize the
steady state performance of OECTs; for transient studies, though,
it is more difficult to define a clear target. Following the dis-
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cussion in Section the ion diffusivity in both the electrolyte
and the semiconductor, as well as the hole/electron mobility in
the semiconductor have to be maximized. The diffusion constant
of ions inside the semiconductor can be increased by hydrophilic
side-groups192, which results in more water uptake during op-
eration of the OECT. However, too much water uptake results in
excessive swelling of the films, which disrupts electronic transport
and hence lowers the hole mobility.1> Therefore, synergistically
optimizing the ion and the electron/hole mobility in the semicon-
ductor might not be possible. Instead, a compromise between
ion and hole/electron mobility has to be found that results in an
optimized response speed.

Attempts have been made to increase the product of electron
mobility pu and volumetric ionic capacitance C* through mate-
rials design. Since the first demonstration of polypyrrole (PPy)
as a polymeric organic semiconductor in an OECT in 1984196
early channel materials were primarily derived from homopoly-
mers such as PPy, PANI, and PEDOT. Advancements in molecular
design have dramatically expanded the scope of available struc-
tures, chemical functionality, and monomer sequencing, thereby
improving the performance of the channel material. While the
majority of OECTs reported utilize PEDOT:PSS as the active layer,
recent efforts have demonstrated solution-phase chemical ap-
proaches to diversify the polymer structure and fine-tune the
properties of the channel material through the use of backbone
and side-chain engineering.

In this section, progress in materials design for OECT tech-
nologies will be reviewed, with a particular emphasis on sys-
tematic structural modifications that can be utilized to under-
stand structure-function-property relationships and better articu-
late important material design parameters (Figure[12). Examples
of contemporary high-performance donor-acceptor (D-A) copoly-
mers are highlighted to illustrate design features developed from
the OFET and organic photovoltaic (OPV) communities. Overall,
these simple design features and guidelines have led to impressive
progress in the design of new materials. For perspectives on early
active material design and optimization of PEDOT, the reader is
directed to prior accounts. 1071108

5.1.2 Backbone Engineering.

Channel materials typically consist of an organic semiconductor
synthesized by electrochemical or wet-chemical methods. While
OECTs can be subdivided based on their p- or n-type transport
behavior, or the accumulation or depletion mode of operation,
only the transport behavior is directly related to the backbone
architecture.

While early demonstrations utilized polypyrrole (PPy) and
polyaniline (PANI), the introduction of poly(styrene-sulfonate)-
doped poly(3,4-ethylenedioxythiophene) (PEDOT:PSS) as an ac-
tive material in 2002192 has resulted in its broad adoption and
to date is the most widely utilized OECT material on account of
its widespread commercial availability, processability, and high
conductivity (Figure [13). While the use of PEDOT has enabled
significant growth in OECT research, the polymer is synthetically
challenging to modify, making the systematic control of important
device parameters challenging. Several strategies have been pro-
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posed to overcome the various limitations of PEDOT:PSS through
creative dopant and blend design, 23107113 however many bulk
properties are intrinsic to the molecular architecture of the poly-
mer.

Recent work has focused on the development of both p- and
n-type semiconducting materials through backbone engineering,
with a particular focus on p-type materials largely comprised of
thiophene structural units.

5.1.3 P-type Semiconductors

Since the first demonstration of increased conductivity of a poly-
thiophene (PT) material upon iodine doping in 1980,14/PTs have
played a major role in the field of organic electronics and have
found widespread use in transistors due to their thermal and ox-
idative stability, ease of processing, and high charge carrier mobil-
ity. 11>/ PT materials are rendered conductive through the forma-
tion of mobile carriers in the form of polarons and bipolaron upon
treatment with a small molecule or polymeric oxidizing agent
(p-doping), and have demonstrated the desired compromise be-
tween high electronic and ionic transport required for OECTs.

As previously mentioned, the product of the electronic mobility
and volumetric charge storage capacity (uC*) is a useful figure of
merit to aid the design of future channel materials for OECTs; and
of the ten top performing systems studied, all of them consisted
of thiophene derived structural units.”3' A high u is achieved
through a tightly packed, often crystalline, polymer morphology,
while a high C* relies on facile ion migration within the polymer
active layer.

The simplest PT structure is a homopolymer with solubi-
lizing chains extending from the n-conjugated backbone, the
most extensively studied being poly(3-hexylthiophene-2,5-diyl)
(P3HT).15A117 p3HT has been utilized as the active layer in
OECTs, 1811 however the poor uptake of water, and the relative
challenge of electrochemical oxidation and reduction of the poly-
mer in aqueous environments has limited the transconductance
of these devices.

While recent reports have demonstrated the use of small
molecule additives, ionic liquids, and liquid-liquid phase separa-
tion procedures to increase the performance of P3HT and other
hydrophobic polymers,1207122/ various monomers have been de-
signed to increase the hydrophilicity of PT materials to allow for
swelling and therefore ion penetration in aqueous environments.
In 2014, poly(6(thiophene-3-yl)hexane-1-sulfonate) (PTHS), a
conjugated polyelectrolyte (CPE) resembling P3HT, but with a
hexanesulfonate side-chain, was introduced as the active layer
of an OECT.123 OECTs developed with PTHS demonstrated high
transconductance due to the remarkably high hole mobility (1.2+
0.5) x 1072 ¢m? v—1 s71) 124 a5 well as a large volumetric capac-
itance 124 +38 Fem3.23 The hydrophilic sulfonate side-chains
enabled swelling, and therefore uptake of water molecules and
mobile ions leading to improved ionic conductivity when com-
pared with the more hydrophobic P3HT.

Since the initial report utilizing PTHS, sulfonated thiophene
structural units have been incorporated into various PT copoly-
mers to increase ion transport. Recently, the ion-conducting 6-
(thiophen-3-yl) hexane-1-sulfonate (THS) monomer was copoly-



Fig. 12 (a) Representative chemical structures demonstrating examples of backbone engineering. The band diagram illustrates the frontier molecular
orbital energies of various active materials reported in the literature, organized by polymer backbone structure. (b) Representative chemical structures
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demonstrating examples of side-chain engineering. Side-chains are color coded to illustrate chemical identity.
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Fig. 13 Total number of publications including the term "OECT" from
2007 to 2020, organized by the structure of the active material. Data
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B in aqueous environments. Other sulfonated monomers such
P:HT S/ v e F‘O/ . as sodium 4-(2-(2,5-bis(2,3-dihydrothiene[3,4-b][1,4]dioxin-5-
PTHS S s T yDthiophen-3-yl)ethoxy)butane-1-sulfonate (ETE-S) have been
ﬂ H p(g2T-TT) ©R used to similar affect in OECTs. 127
H ﬂ |_| = rl —_———— To achieve increased performance in PT based materials, the
IR g I R P OFET and OPV communities have taken advantage of fused thio-
Publlcatlon Year phene derivatives. These building blocks lead to more extended

conjugation, planar molecular geometries, and rigid structures
that promote efficient intra- and intermolecular charge transport

was obtained from SciFinder and higher charge mobilities. 15

merized with 3-hexylthiophene (3HT) to obtain copolymers with
various gradient architectures (Figure ). The sulfonated
THS monomers provided water compatibility, swelling, ion up-
take, and high volumetric capacitance. The 3HT monomers functionalized with triethylene glycol (TEG) chains and various
were important for reducing water solubility preventing film
delamination and percluding the use of external crosslinkers,
which typically reduce the electrical conductivity of the ac-
tive layer through changes in film rnorphology.llz{ll Through
backbone engineering, the copolymers demonstrated synergis-
tic advantages associated with P3HT and PTHS, exhibiting
high volumetric capacitance (C* > 100 Fem—3), high hole mo-
bility (u = 1.7 x 10~ 2¢m?V
(—0.15 V), and higher ON/OFF ratio than PTHS (Figure .

In 2016 a series of neutral active materials derived from
benzo[1,2-b:4,5-b]-dithiophene (BDT), a prototypical building
block for efficient photovoltaic materials,128 was used to demon-
strate the role of chemical design in the performance of
OECTs.122 Both BDT and 2,2-bithiophene (2T) monomers were

-1
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The design strategy not only afforded a significant improve-
ment compared to high-performance PTHS, but also offers a
simple solution to improve the performance of other hydropho-
bic materials which lack appropriate ion transport and swelling

copolymer structures were examined including copolymers of
BDT-2T and BDT with unsubstituted thiophene and bithiophene
structural units (Figure [12h). The series of copolymers demon-
strated various degrees of TEG side-chain density, polymer back-
bone curvature, and ionization potentials ranging from 4.4 to
4.9 eV. While increased TEG side-chain density improved ion
transport within the film and decreased ionization potentials (see
s 1), a lower threshold voltage Section [5.1.5)), it was found that the TEG functionalized bithio-
phene unit (g2T) enabled more electrochemically stable polymers
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than those with the TEG functionalized BDT unit. It was hypoth-
esized that the increased electrochemical stability was due to the
electron-rich nature of the g2T structural unit, significantly low-
ering the ionization potential by 0.4 — 0.5 V.

The efficient charge transport within p(g2T-T) compared to the
other polymers of the series was attributed to an edge-on orien-
tation and a planarization assisted by the intramolecular S — O
interactions within the g2T structural unit. After device optimiza-
tion, p(g2T-T) demonstrated the highest reported peak transcon-
ductance of above 20 mS with excellent turn-on voltages around
0V, high on/off ratios, and fast temporal responses.

Since this initial report, p(g2T-T) has been a top performing
active material for accumulation mode OECTs,23 and recent
reports have focused on further increasing performance through
side-chain engineering (see Section [5.1.5]),230131 and backbone
engineering through the incorporation of other fused thiophene
derivatives commonly utilized in high-performance 0SCs.132 For
example, the highest performing p-type material utilized to date
is  poly(2,5-bis(3-alkylthiophen-2-yl)-thieno[3,2-b]thiophenes)
(PBTTT), incorporating fused thienothiophene (TT) structural
unit.133' Since the development of PBTTT by Merck (US patent
7,714,098) and the first report in 2006,134 it has been utilized
as an active material in OECTs. 1201221135 Through the copoly-
merization of the fused TT and glycolated g(2T) monomers,
poly(2-(3,3’-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2’-
bithiophen]-5-yl)thieno[3,2-b]thiophene) (p(g2T-TT)) demon-
strated a remarkably high pC* of 227 +107 F cm™' v=! 57!
compared to that of p(g2TT) (62+24 F em™' V=1 1),
making p(g2T-TT) one of the top performing active materials
for OECTs.23l32' Recently, p(g2T-TT) has been utilized for
the investigation of water uptake during device operation,136
polymer-electrolyte interactions,’3Z and electrophysiological
sensing via OECTs. 138

4H-Cyclopenta[2,1-b:3,4-b’]dithiophene structural units (cy-
clopentadithiophene, CPDTs) represent another class of fused
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thiophene derivatives which have been frequently used as
donors in D-A polymers. In contrast to the fused thienoth-
iophene (TT) unit, the sp3—hypridized carbon atom of CPDT
allows the attachment of side-chains above and below the
plane of the polymer backbone which enables the tuning
of solubility and polymer packing.!1> Cyclopentadithiophene-
benzothiadiazole (CPDT-BTZ) D-A copolymers have demon-
strated high hole mobilities of (10 ¢m?* V~! s~!) and have
been extensively investigated and utilized in field-effect transis-
tors, 1321140 bylk heterojunction (BHJ) solar cells,24L and ther-
moelectrics. 142 Recently CPE-K, a highly conductive CPDT-BTZ
copolymer with sulfonate side-chains was utilized as the ac-
tive material in an OECT, representing the first CPDT-based
polymer for such an application(Figure [12h).143 The sulfonate
side-chains allowed for water and ions to penetrate and drift
within the bulk of the film as with other sulfonated ac-
tive materials, and also acted as a functional handle for (3-
glycidyloxypropyl) trimethoxysilane (GOPS), a cross-linking agent
which stabilized the otherwise aqueous soluble material. Despite
a relatively low volumetric capacitance of 1.34 x 102 F cm—3, CPE-
K-based devices demonstrated comparable transconductance to
other common materials under the same device geometries and
demonstrated similar performance to PTHS.23143/ The adaption
of a high mobility D-A conjugated polymer to a polyelectrolyte
utilizing water soluble side-chains represents a viable method for
developing novel materials for OECTs, and represents an alterna-
tive approach and paradigm shift from PEDOT:PSS.

Backbone engineering has also been utilized as a tool to in-
crease the redox stability of the active materials within OECTs.
Noncapacitive faradaic side-reactions between the active mate-
rial and the electrolyte can modify the chemical composition of
the polymer and significantly decrease the performance of the de-
vice. For example, while BDT copolymers have been used to good
effect, they were found to be inherently unstable when applied in
OECTs.122



Recently, a series of alkoxy-BDT copolymers were systemati-
cally designed to assess the factors determining redox stability
in aqueous electrolytes.144 Copolymers gBDT-TT, gBDT-T2, and
gBDT-MeOT2 were chosen to study the influence of ionization
potential (IP) on the electrochemical redox reactions. The 3,3’-
dimethoxy-2,2’-bithiophene (MeOT2) structural unit has an elec-
tron rich nature and planar structure associated with intramolec-
ular sulfur-oxygen interactions, resulting in an decreased IP for
gBDT-MeOT2 (4.31 ¢V) when compared to gBDT-TT and gBDT-T2
(4.70 and 4.85 ¢V). The comparatively large IP of gBDT-TT and
gBDT-T2 lead to highly oxidizing polarons that result in polymer
degradation, while the relatively higher lying HOMO of gBDT-
MeOT2 lead to greater electrochemical stability. Spectroscopic
measurements demonstrate that the alkoxy-BDT unit of gBDT-TT
and gBDT-T2 oxidize at the 4,8-positions to form irreversible ir-
reversible quinone structures, while the alkoxybithiophene unit
(MeOT2) demonstrates stable positive charges along the polymer
backbone, thereby enabling long-term stability. Each polymer was
used as an active material in p-type accumulation mode OECTs,
where the varying structural stability between the polymers man-
ifested in significant differences in device performance. For ex-
ample, gBDT-MeOT2 demonstrated a volumetric capacitance of
95 F cm™=3 at Vg = 0.6 V, while gBDT-TT and gBDT-T2 could not
be analyzed by EIS measurements on account of their oxidative
instability.

These design principles were recently extended to pyridine-
flanked diketopyrrolopyrrole (PyDPP) polymers to enable elec-
trochemical stability in the presence of molecular oxygen (Figure
[15h).145 The electron-transfer reaction from the active material
to molecular oxygen, known as the oxygen reduction reaction
(ORR), is directly related to the energy levels of the active ma-
terial and the products of the ORR (Figure Eb). 146/ The bithio-
phene glycolated copolymer p(gPyDPP-T2) has an elevated IP of
5.3 eV compared to that of p(gPyDPP-MeOT2) (5.0 ¢V). Exam-
ination of the orbital and charge distribution along the polymer
chains suggested the MeOT2 structural unit provides more local-
ization of the wavefunction and therefore stability for the hole
polaron than the T2 unit, thus increasing redox stability of the
P(gPyDPP-MeOT2) copolymer. Under long-term pulsed cycling
and continuous charging conditions, p(gPyDPP-MeOT2) showed
0%, 8%, and 16% change in ON current after 400 cycles when
applying Vg = —0.5V, —0.6 V, and —0.8 V, respectively (Figure
[15F), while p(gPyDPP-T2) had low observed device stability.

The promising ON/OFF ratio (> 10°), normalized peak
transconductance (19.5+2.5 S ¢m™!), and good stability of
p(gPyDPP-MeOT2) (Figure [15F), has motivated further investi-
gations into DPP based building blocks for the construction of
active materials in OECTs.147.148l Recently a series of glycolated
DPP polymers were synthesized with systematic backbone mod-
ifications in order to elucidate structure-property relationships
for high-performance D-A channel materials.248 Three differ-
ent thiophene-based monomers, the same structural units uti-
lized in the alkoxy-BDT copolymers discussed previously (Figure
[12h),244 were copolymerized with a glycolated DPP unit to af-
ford a series of p-type channel materials for OECTs (Figure [16h).
As observed in the pyridine-flanked DPP series, 142/ the electron-

donating MeOT2 unit reduced the IP when compared to the other
units investigated. When incorporated into OECTs, p(gDPP-T2)
demonstrated the highest steady-state OECT performance, fol-
lowed by p(gDPP-TT), and p(gDPP-MeOT2) (Figure ). As each
polymer demonstrated similar C*(~ 180 F cm™3) as measured us-
ing EIS, the origin of the performance difference between the ma-
terials was their differing charge carrier mobilities, which was at-
tributed in part to the higher molecular order in p(gDPP-T2) and
p(gDPP-TT). Computational simulations of oligomeric variants of
the polymers suggested that the charge was more delocalized and
distributed more evenly in p(gDPP-TT) and p(gDPP-T2) than in
p(gDPP-MeOT2). The closer energy match between the T2 and
TT moieties with the DPP unit, compared to that of MeOT2, may
have allowed greater polaron delocalization and increased charge
carrier mobility. The authors further hypothesized that closely
matching the electron-densities and energy levels of donor and
acceptor units may yield better charge transport properties in D-
A materials intended for OECTs. Through backbone engineering,
building blocks were selected to rationally design materials which
compared well with other high-performing systems (Figure [16k),
while highlighting principles that may guide the future develop-
ment of D-A channel materials for OECTs.

5.1.4 N-type Semiconductors

The development of n-type materials has trailed behind their p-
type counterparts on account of their instability in ambient con-
ditions. This can be associated with the high reactivity of radical
anions in the presence of atmospheric water and/or oxygen. It
is therefore unsurprising that the use of n-type active materials
within OECTs remains rare, 142 despite significant progress in the
realization of various optoelectronic devices and complementary
circuits based on these materials. 150151

As the redox potential of H,O is —0.66 V vs. the saturated
calomel electrode (SCE), only n-type organic semiconductors
with low lying LUMO energy levels below approximately —4.0 eV
with respect to vacuum are stable in ambient atmospheric condi-
tions. To fulfill these requirements, polymer backbones are func-
tionalized with strong electron-withdrawing groups such as car-
bonyl, fluorine, cyano, or fluororcarbon groups integrated within
fused (hetero)arenes. These design strategies have led to the
development of common electron-deficient building blocks such
as perylenediimides (PDI), naphthalenediimides (NDI), dike-
topyrrolopyrrole (DPP), isoindigo (IID), and benzodifurandione
(IBDF), among others.142

In 2016, a narrow band gap D-A copolymer based on NDI was
introduced as a n-type active material for accumulation mode
OECTs demonstrating stability in water,222' and since then has
been the primary backbone of interest for such devices. 1237136/ A
combination of doping energetics within the narrow stability win-
dow imposed by water, and a high capacity for electrochemical
charge lead to the stable operation of p(gNDI-gT2) in a n-type ac-
cumulation mode OECT. Consistent with p-type active materials,
it was found that the higher glycol side-chain density of p(gNDI-
gT2) compared to that of p(gNDI-T2) lead to enhanced ion injec-
tion, while also lowering mobility due to inefficient 7—stacking.

Subsequently, a series of random NDI-T2-based terpolymers
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with systematically varied glycol- and alkyl-chain functionalized
monomer ratios was investigated to determine the optimal
balance between appropriate swelling in aqueous solution
and efficient electron mobility.1>3' Starting with the copolymer
structure of poly([N,N’-bis(2-octyldodecyl)-naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2’-bithiophene))
(P(NDI20D-T2))15Z  incorporating branched, hydrophobic
2-octyldodecyl (20D) side-chains, random terpolymers were
synthesized using a methyl end-capped heptakis(ethylene glycol)
functionalized NDI derivative (g7-NDI-Br2) to afford a polymer
series with 100%, 90%, 75%, 50%. 25%, 10%, and 0% glycolated
monomer incorporation (P-100, P-90, P-75, P-50, P-25, P-10, and
P-0 = P(NDI20OD-T2).

Dramatic differences were observed in ion penetration into the
bulk during electrochemical redox reactions, as observed through
shifts in the the reduction onset from 1.12 V for 0% glycol frac-
tion (P-0) to 0.24 V for 100% glycol fraction (P-100). This shift
in the reduction potential likely originates from the difference in
ion penetration into the bulk during electrochemical redox re-
actions. Polymers with glycolated monomer percentages < 25%
operated as OFETs and showed low degree of swelling (< 10%)
precluding their use within OECTs. Significant degrees of swelling
12% (P-75), 42% (P-90), and 102% (P-100) and lowered hysteresis
during electrochemical redox reactions were observed at > 75%
glycolated monomer incorporation, enabling efficient operation
within OECTs. Of the active materials that operated within
an OECT, P-90 displayed the highest volumetric capacitance C*
(198.2 F cm™3), electron mobility p,; (2.38 x 1074 cm? V=1 s=1),
and normalized transconductance g,, (0.210 S cm™!), highlighting
the role of both backbone composition and side-chain engineering
(hydrophobic vs. hydrophilic ratio) in the design of novel n-type
OECT materials.

Recent efforts have focused on further improving the per-
formance of P-90 through solvent engineering to improve ion
penetration,122 as well as n-doping to increase electron mo-
bility (u.).124 By admixing Lewis basic n-dopant tetra-n-
butylammonium fluoride (TBAF) with P-90, improvements in
electron mobility, ion uptake and storage, and favorable mi-
crostructure to support facile ion penetration and migration can
be realised (Figure[17).254 When doping P-90 with TBAF at vari-
ous concentrations, the highest -performing OECT was produced
with 40 mol% (gmmax = 10.5 1 S), demonstrating an order of mag-
nitude enhancement in the maximum transconductance and sim-
ilar performance to p(gNDI-gT2) (Figure ).

The peak u was achieved at 40 mol% (18.4 x 107> em?> V=1 s71)
which was attributed to trap filling and at high doping concentra-
tions (60 — 80 mol%) drops in u were observed which was assici-
ated with lattice disturbances. Molecular doping was verified us-
ing electron paramagnetic resonance (EPR) spectroscopy, which
delocalized electrons present in the high-performing P-90:TBAF
(40 mol%) film that were not present in pristine P-90. Atomic
force microscopy (AFM) also suggested TBAF acted as a morpho-
logical additive which synergistically smoothed surfaces features
and led to a more dense active layer (reduction in film thickness
from 160 nm at 0 mol% to 116 nm at 40 mol%) without disrupting
molecular ordering.
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Fig. 17 (a) Chemical structure of P-90. (b) OECT configuration and
graphical illustration representing TBAF doping mechanisms in P-90.
(c) Transconductance of P-90 OECT containing 0, 10, 40, and 80 molar
percentage (mol%) TBAF. Maximum transconductance is taken at Vg ~
0.5V and Vp ~ 0.6 v.154

The increased performance of P-90 as well as enhanced shelf-
life and operational stability through molecular doping suggests a
broader range of active materials may be suitable for n-type OECT
devices.

While the high-performance of P-90 has recently afforded
several n-type OECT-based sensors,221581159/ there are funda-
mental limitations in the design of P-90 which manifest from
the D-A alternating copolymer architecture. Rotational tor-
sion (interannular) between monomers gives rise to confor-
mational disorder, limiting charge carrier mobilities. In ad-
dition, D-A systems localize the distribution of LUMO fron-
tier molecular orbitals which hinders charge hopping, carrier
mobilities, and stability. Taken together, reducing D-A char-
acter while increasing backbone planarity would be advanta-
geous.142 OECTs utilizing a rigid and planar ladder-type poly-
mer, poly(benzobisimidazobenzophenanthroline (BBL), demon-
strated significant enhancements in conductivity (~ 1000x) and
channel-area-normalized g,, (~ 2.5x) compared to high perform-
ing NDI-based OECTs.199 The lack of side-chains in BBL lead to a
high volumetric capacitance over 900 F cm™> at an offset voltage
of —0.5 V. The high conductivity and electron affinity allowed
OECT operation at high currents in water. However, the lack of
side-chains in BBL also limited the diffusion of ions resulting in
a slow response speed. Recently, another n-type rigid backbone
design based on fused electron-deficient aryl lactam rings with
oligoether side-chains was reported.16ll The polymer backbone
featured a fully conformationally locked structure, which pro-
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moted coplanarity and delocalized molecular orbitals, while the
side-chains promoted processability and ion diffusion. OECTs in-
corporating these polymers demonstrated a maximum dimension-
ally normalized transconductance of 0.212 S ¢m~! and a u C* of
0.662 +0.113 F cm~'V~1s~!, comparable to BBL and other high-
performance materials. Similarly, fused polymer structures with
multiple sites for side-chain modification may allow for tunable
high-performance n-type materials for OECTs. Other attempts to
improve upon common n-type materials through side-chain engi-
neering are discussed in Section/5.1.5|

5.1.5 Side-chain Engineering.

Since the original demonstration of oligoether side-chains facil-
itating hydration and ion penetration in an active material,132
the highest reported transconductance values and ON/OFF ra-
tios have been obtained with neutral glycolated conjugated poly-
mers.23 The electron rich alkyl-aryl-ether linkage lowers the
IP, stabilizes the oxidized (polaron or bipolaron) states, and
leads to favorable intramolecular noncovalent S — O interac-
tions within thiophene based materials.1%Z While side-chain en-
gineering has been extensively studied in the OFET and OPV
communities, 102 only recent works have started to elucidate
the impact of oligoether side-chain engineering in active ma-
terials for OECTs.105130131115311637165/ Recent work has iden-
tified a trade-off between hydrating the channel for ion con-
duction and maintaining good charge transport, both of which
are strongly correlated to the morphology of the polymer.
For example, a glycolated analogue of P3HT, poly(3-{[2-(2-
methoxyethoxy)ethoxy]methyl}thiophene-2,5-diyl) (P3MEEMT)
demonstrated faster anion injection kinetics compared to P3HT,
which were largely independent of anion identity.16% It was
shown that the crystal lattice of PSMEEMT readily expanded in
solution to allow ions to move throughout the material, and the
degree of crystallinity had a dramatic effect on how hydration im-
pacted the connectivity of crystalline domains within the film, and
therefore OECT mobility. Increasing the crystallinity of PAMEEMT
demonstrated a decrease in OECT mobility as hydration disrupted
links between crystalline domains, therefore complicating the de-
sign of active materials for OECTs.

Investigations of the influence of water on OECTs have sug-
gested that swelling can lead to structural changes due to water
accumulation that impairs hole mobility.13¢ These phenomena
were further investigated using three homopolymers (P3MEET,
P3MEEMT, and P3MEEET) which varied by different links be-
tween the backbone and diethylene glycol side-chains (Figure
|18h).265' While only the linkage between the oligoether side-
chain and the backbone differ, the structure formation, swelling,
volumetric capacitance, and charge carrier mobility dramatically
differed between the three polymers. With increasing length of
the alkyl spacer between the first oxygen of the side-chain and
the backbone, molecular order increased with PSMEEMT demon-
strating the highest crystallinity of 58%. When operating OECTs
with each of the active materials (Figure [18p), PSMEEET demon-
strated the best performance with the highest figure of merit
(uC* =115 F em™' v~! s71) which was mainly attributed to
the high volumetric capacitance (C* =242+ 17 F cm™3) (Figure
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) further correlated to 12-fold increase mass uptake in the ox-
idized state. While the pogcr values of PSMEEMT and P3MEEET
were almost identical (0.06 and 0.05 cm? V~! s~! Figure ),
the increased spacer length of P3BMEEET allowed better accessi-
bility of the diethylene glycol side-chains and thus enhanced ion
transport and ordering, increasing the overall performance of the
active material.

Recent work has also focused on side-chain engineer-
ing through the systematic modification of p(g2T-TT) and
p(g2T-T) to balance ionic and electronic conduction (Fig-
ure [12b).1051130" A series of p(2T-TT) analogs with varying
amounts of glycolated side chains were used to tune hy-
drophilicity.  Linear alkyl side-chains were exchanged from
the fully alkylated co-polymer poly(2-(3,3’-bis(tetradecyloxy)-
[2,2’=Dbithiophene]-5-yl)thieno[3,2-b]thiophene) (p(a2T-TT)) to
the fully glycolated copolymer p(g2T-TT), with “g-50%" and “g-
75%" random terpolymers with glycol:alkyl monomer ratios of
50:50 and 75:25, respectively, and “2g” a copolymer analogue
of p(g2T-TT) incorporating longer hexakis glycol side-chains.’10>
Each of the glycolated copolymers demonstrated dramatic im-
provements in transconductance compared to p(a2T-TT) due to
enhancements in swelling and therefore ion motion,132 however
polymer “2g” showed decreased performance compared to p(g2T-
TT) even with longer oligoether side-chains. As suggested in pre-
vious studies, 136164/ excessive hydration reduces charging ability
and hole mobility through the separation of crystalline regions.
During doping, more mass was loaded into the “2g" film com-
pared to p(g2T-TT) (100% and 86% swelling, respectively), while
the transconductance, tpgcr, and switching speed decreased.

Similarly, side-chain engineering has been used with p(g2T-
T)-based systems to highlight that increased swelling is not al-
ways beneficial for OECT performance.2% A series of glycolated
polythiophenes with oligoether side-chain length varying from
two to six repeat units exemplifies this balance between hy-
drophilicity and device performance (Figure [19h). Of the se-
ries, p(g6T2-T) was the only polymer that was unsuitable for
operation in an OECT due to low stability brought on by sig-
nificant swelling, delamination, and dispersion upon cycling. At
lower chain lengths p(g2T2-T) exhibited a reduced capability to
store electronic charges due to insolubility and lack of perme-
ability to ions, and had a mobility that was too low to be de-
termined accurately. Of the remaining two polymers, p(g3T2-
T) gave the highest C* of 211+ 18 F ¢m™3 as longer side-chain
lengths did not contribute to additional stabilization and de-
creased the proportion of electroactive mass within the mate-
rial (p(g4T2-T); C* = 192+ 10 F cm™3). A preferential edge-
on rather than face-on orientation, and a more rigid polymer
backbone of p(g3T2-T) compared to p(g4T2-T) also led to a 3-
fold higher charge carrier mobility. Taken together p(g3T2-T)
demonstrated the best performance with g,, =3.03+0.21 mS, and
UC* =135+9 F em~' v=! 571 (Figure ), through the careful
optimization of side-chain length.

Side-chain engineering has also been utilized to increase active
material performance through redistributing oligoether chains
within a polymer repeat unit, rather than through simple length-
ening. 131 A series of polymers were derived from p(gT2), a ho-
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mopolymer with triethylene glycol chains, 1€ where the ethy-
lene glycol chain length on one structural unit is decreased by
one repeat unit and increased on the successive structural unit,
affording the same polymer backbone with redistributed side
chains (Figure [20h).13Y Four polymers were studied, where an
average of three ethylene glycol units per thiophene structural
unit was maintained. When operated within OECT configura-
tions, side-chain redistribution increased polymer performance
with p(g2T2-g4T2) and p(glT2-g5T2) displaying extraordinary
performance compared to other OECT channel material to date
uC* =522 F em™' v=1 57! and 496 F em™' v=! 571, re-
spectively). Homopolymer p(g3T2) demonstrated the most ac-
tive swelling (249%), however, this was not directly proportiona
to additional anion uptake and redistributing side chains de-
creased swelling in p(g2T2-g4T2) (168%) while increasing C* to
18748 F cm™3 (Figure ). Polymers with the least swelling had
the highest mobility in line with previous studies.’ 3¢ Side-chain
engineering provided an alternative route to controlling the poly-
mers ability to take up and stabilize water molecules in the doped
state.

Many of the different strategies outlined for side-chain en-
gineering of oligoether groups in p-type systems (length , dis-
tribution, and distance from the backbone) have recently been
adopted for n-type materials.15311601167 We previously discussed
the systematic variation and optimization of such side-chains in
NDI-T2 based polymers through statistical copolymerization (see
Section [5.1.4), where P-90 displayed the finest balance between

swelling and conductivity compared to the other materials inves-
tigated. 123 While the statistical or random incorporation of func-
tional monomers through copolymerization (backbone engineer-
ing) can provide insight into the effects of side-chains (side-chain
engineering), this method is imperfect due to batch-to-batch vari-
ations in monomer loading and distribution within the polymer.
An alternative and more controlled method to systematically tune
ratios of hydrophilic oligoether and hydrophobic alkyl side-chains
is through the use of hybrid alkyl-glycol side-chains.163165 For
aqueous-based OECTs with p-type materials, it has been observed
that placing a hydrophobic alkyl unit adjacent to the backbone
improves long-range ordering and charge carrier mobility.

Recently a series of NDI-T2 polymers with hybrid alkyl-glycol
chains with either a propyl (p(C3-gNDI-gT2)) or a hexyl (p(C6-
gNDI-gT2)) spacer were synthesized by an alternating copoly-
merization, providing a controlled series to investigate the effect
of alkyl spacers on swelling and stability in n-type systems.6Z
As the fraction of hydrophilic side-chain was increased, passive
swelling decreased from p(gNDI-gT2) (44%) to p(C6-gNDI-gT2)
(13%); the same trend was observed for active swelling. While C*
dramatically decreases upon the introduction of alkyl spacers, the
corresponding increase in the OECT electron mobility imparted a
higher uC* for both p(C3-gNDI-gT2) and p(C6-gNDI-gT2) com-
pared to the entirely glycolated control p(gNDI-gT2). OECTs us-
ing polymers containing hybrid side-chains also demonstrated su-
perior stability compared to p(gNDI-gT2), which was attributed
to the lower extent of swelling during charging. Recently a sim-
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ilar study adopted the same hybrid side-chain approach in NDI-
T2 materials and found an optimal y at a length of six carbon
spacers.198 Compared to shorter and longer alkyl spacers, the six
carbon spacer was hypothesized to provide the highest mobility
as a result of optimizing microstructural order. As demonstrated
in p-type materials, 103163/ controlling the length of alkyl spacer
between the oligoether side-chain and the conjugated backbone
may be a useful strategy to control swelling, mobility, and im-
prove the long-term operational stability in n-type materials for
OECTs.

While these demonstrations highlight the trade-off between
u and C* through oligoether-induced material swelling, these
soft, hygroscopic side-chains complicate material synthesis, cre-
ate structural disorder within the backbone, demonstrate a ten-
dency to chelate potentially reactive compounds, and may also
lead to sensitivity to humidity. 262 Alternative hydrophilic func-
tionalities that enable ion uptake without excessive volumetric
expansion would lead to materials with improved mechanical in-
tegrity and stability during cycling. Mixed conduction has been
demonstrated in hydroxyl-functionalized PT materials, where in-
creased incorporation of polar side-chains promoted ion flow and
oxidation.17% Recently, a hydroxylated analog of P3HT, poly[3-
(6-hydroxy)hexylthiophene] (P3HHT) demonstrated faster an-
ion injection kinetics compared to P3HT and substantially re-
duced swelling compared to other high-performance glycolated
conjugated polymers.1Zl Passive swelling of P3HHT upon expo-
sure to the aqueous electrolyte (KCl) was investigated using a
quartz crystal microbalance with dissipation monitoring (QCM-
D). A small thickness change was calculated for the PSHHT/KCl
system (+2.4%) compared to that of p(g2T-TT)/KCl (+10% to
+15%) and PEDOT:PSS (~ 85%), which was hypothesized to
arise from the lower bulk hydrophilicity of P3HHT. Upon injec-
tion of ions/electrolyte into the bulk of the polymer films us-
ing a bias of 0.6 V (i.e. active swelling), P3HHT only demon-
strated a small mass uptake compared with p(g2T-TT), corre-
sponding to thickness expansions of less than +10% and between
+75% to 4+80%, respectively. The low swelling in P3HHT com-
pared to oligoether-containing materials was attributed to the
lower density of polar sites per repeat unit, which reduced water-
polymer interactions. When incorporated into an OECT, nearly
complete de-doping was observed in P3BHHT without the need
to apply a negative bias, leading to a high ON/OFF ratio (10%),
and an overall figure of merit (uC* =35+2 F em~ V=151
slightly below that of PEDOT:PSS (uC* =47£2 F ecm™'v~=1s71),
Hydroxyl-functionalization had little effect on molecular packing
and charge transport while avoiding challenging synthetic proto-
cols required for glycolated materials. This chemistry may be an
attractive alternative to the sulfonate and oligoether functionali-
ties exclusively used in high-performance materials for OECTs.

5.1.6 Future Directions.

While the introduction of PEDOT:PSS has enabled the widespread
development, understanding, and application of OECTs; the
highly complex structure, lack of synthetic modularity, extensive
processing requirements, and limitation to p-type depletion mode
of operation have stunted growth within the field. Recent ad-



vancements in active material design have largely been realized
through backbone and side-chain engineering (Table [1). These
studies have resulted in materials that outperform PEDOT:PSS
and enabled structure-property relationships that offer improved
insight into the design of next-generation active materials. PE-
DOT:PSS is still the most common active material out of con-
venience, as high-performance glycolated active materials lack
accessibility on account of synthetic challenges associated with
multi-step monomer synthesis and the transition-metal mediated
step-growth polymerization procedures. Recently, advances in
synthetic techniques such as direct(hetero)arylation polymeriza-
tion (DHAP) have been used to simplify access to channel mate-
rials, 172173 however polymer functionalization with hydrophilic
side-chains represents the limiting factor. A potential solution
to achieve polymer functionalization and efficient side-chain en-
gineering may be through post-polymerization modification or
high-yielding chemistries, 74 tools which have only been utilized
for biofunctionalization in OECTs.22175/ The simplified and facile
glycolation of high mobility D-A polymers from the OFET and
OPV communities is expected to further boost OECT performance.
We also expect advances to be made in the development of n-
type materials through both backbone and side-chain engineer-
ing, leading to exciting opportunities for complementary circuits
and performance rivaling p-type materials. Future avenues to
advance OECTs through material design will include controlling
structure phase transitions, 270277 material toughening,178 de-
formability, 111 and degradability, 172182 among others.

5.2 Gate Materials

Being an essential component of electrochemical gating, 18l the
geometry and material of the electrochemical gate have a signif-
icant role in determining the behavior of OECTs. The potential
applied at the gate drives the ionic flux for electrochemical dop-
ing/dedoping of the organic polymer due to differences in poten-
tial throughout the channel and electrolyte.

The ionic circuit displayed in Figure of the Bernards
and Malliaras model neglects any voltage drop across the
gate/electrolyte interface, i.e. it is assumed that the volumet-
ric capacitance of the channel dominates the device operation.
However, this simplification doesn’t fully describe the system as
a significant fraction of applied potential drops at the gate elec-
trode as well. The fraction of applied potential that drops at the
gate was shown to depend on the geometry of gate, material of
gate, composition of an electrolyte and also the separation from
channe] 1827184

Different gate electrodes can be categorized into polarizable
and non-polarizable ones. In perfectly polarizable electrodes, no
actual charge is transferred at the electrode/electrolyte interface.
The current across the interface is a displacement current and the
electrode behaves as capacitor. Platinum and gold are nearly per-
fect polarizable electrodes with relatively large charge separation
at the electrode-electrolyte boundary, making the interface elec-
trically equivalent to a capacitor. For polarizable electrodes, the
surface area determines the magnitude of the double layer capac-
itance and hence the device performance. For example, activated

carbon known to provide a large surface area was used to increase
the current modulation of OECTs. 18>

In non-polarizable electrodes, charge is transferred across the
electrode-electrolyte interface, effectively reducing the voltage
drop across the gate/electrolyte interface. A simplified ionic cir-
cuit as proposed by Lin et al.2” can be assumed to describe OECTs
as illustrated in Figure[21h . Ag and Ag/AgCl electrodes are exam-
ples and are often used to record small signals. Ag/AgCl is prefer-
able to metallic silver because of its stability and lower electric
noise. 183 In contrast to polarizable electrodes, the surface area of
the gate electrode was found to not affect the performance signif-
icantly in case of these materials. 186

The role of gate materials on OECTs was studied in detail by
Tarabell et al.18% using Au and Pt gates. Their halide electrolyte
based OECTs are shown to work in different regimes depending
on the choice of gate material. OECTs with polarizable gates
such as Pt operate in a capacitive regime showing a smaller cur-
rent modulation and a small steady state gate current. Chang-
ing the gate from Pt to a non-polarizable material such as Ag,
the OECTs are working in a Faradaic regime with relatively large
current modulation and gate-voltage dependent steady state gate
currents.

Often, the gate electrode is modified by nano-particles (eg. Pt-
nanoparticles!®Z) or other nano-materials (eg. graphene, rGO
etc.®>1187) to improve their surface to volume ratio and to im-
prove sensitivity to particular analytes. Furthermore, crosslinked
enzymes=>182? are often used to trigger a targeted reaction at
the gate, and bio-compatible polymers (chitosan or Nafion'187)
are used to improve the detection limit and sensitivity of OECT
based sensors. Chitosan and Nafion can improve the immobiliza-
tion of enzymes on the gate electrode and enhance the selectivity
of the device by allowing only certain analytes to pass through
and reach the gate or immobilized catalyst. Similar, a variation
in surface engineering conditions to prepare Nitrogen/oxygen-
codoped carbon cloths (NOCCs) gate electrodes, enabled highly
sensitive and selective ascorbic acid (AA) and dopamine (DA) sen-
sors. 188

Polymeric gates are used in some cases, in particular when
OECTs are printed.182 PEDOT:PSS is often used not only as ac-
tive channel material, but to form the gate as well18>1901191]
However, it has been reported that the gate area has to be large
compared to the channel to provide for a sufficient control of the
drain current!82,

In addition to the particular material used for the gate, OECT
performance depends largely on the geometry of gate and also
the separation from the channel. 222193 For example, the response
of H,0, sensors based on PEDOT:PSS electrochemical transistors
can be tuned by varying the ratio between the area of the gate
electrode and the channel. Devices with small gates showed a
lower background signal and higher sensitivity. The ON/OFF ra-
tio increases substantially with a smaller gap between gate and
source-drain area.122
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Table 1 OECT Active Materials Performance Comparison to PEDOT

Material/Formulation C*(F cm™) Uogcr (em® V=11 [poecr)[C*] (F em™ V=1~ )T [poecrC*1 (F em™ 'Vl )+ ref
p-type: Operation in

Aqueous (Cl17) Electrolyte

p(g2T2-g4T2) 187+8 1.7240.31 322460 522l 131
p(gDPP-T2) 196 1.55+0.17 304+33 342435 148
p(g2T-TT) 241+94 0.9440.25 2274107 261429 53

p(g2T-T) 220430 0.28+0.1 62424 167465 53

PTDPP-DT 123 1.1+£0.5 135462 149461 147
p(g3T2-T) 211+18 0.164+0.01 34+3.6 13549 130
p(gDPP-TT) 184 0.5740.09 105+16.6 125422 148
PEDOT:TOS [VPP] 136450 0.93+0.72 126+108 72414 53

p(gDPP-MeOT2) 169 0.28+0.04 47.3+6.8 57+5 148
P3MEEMT 175 - - 49.145.2 164
PEDOT:PSS + EG 39+3 1.9+1.3 75451 47+6 53

P3HHT - 0.0440.01 - 35+2 171
p(gBDT-g2T) 77423 0.018+0.006 1.4+0.6 4.840.7 129
p(gPyDPP-MeOT2) 60 0.030+0.007 1.8+0.4 - 145
PTHS TMA™-co-P3HT 10047 0.0174+0.0036 1.7+0.4 - 125
n-type: Operation in

Aqueous (Na™) Electrolyte

p(NDI-C6-T2) 272 0.00474+0.000431 1.2940.117 1.29+0.117 168
PgNaN 10046 0.00650+0.00101 0.650+0.06 0.662+0.113 161
BBL 930+40 0.0007 0.6514+0.94 ~0.6 160
p(NDI-C4-T2) 158 0.00190-+0.00000188 0.3+0.0003 0.30+0.0003 168
p(gNDI-g2T) 397 0.00031£0.00009 0.1240.04 0.18+0.01 53

p(C6-gNDI-gT2) 59 0.00063 0.04 0.16 167
P90 198.2 0.000238 0.048 ~0.06 153

T Calculated product from independently derived ppgcr and C* values.

I Average values calculated across several channels. Calculated from the slope of g,, as a function of (Wd/L)(Vy, — Vi).
I Calculated from the highest performing channel from the slope of g,, as a function of (Wd/L)(Vy, — V).

5.3 Electrolyte

The choice of possible electrolytes is wide. The electrolyte can be
water based, based on room temperature ionic liquids (RTIL), or
based on more complex mixtures, yielding a wide range of con-
sistencies from liquid solutions to rubberlike films including hy-
drogels and cross-linked-solid electrolyte. Whenever water based
solutions are preferred, sodium chloride NaCl, potassium chlo-
ride KClI and variations of phosphate buffered solution (PBS) are
commonly used.2# Aqueous electrolytes usually lead to a high
transconductance, however sometimes at the expense of a lower
on/off ratio.

RTILs are another class of versatile but water free electrolytes,
which extend the operational window, i.e. can be operated at
gate voltages up to or even beyond 1V, which often results in
a larger on/off ratio. Though many electrolytes were proposed,
commonly used RTILs are 1-ethyl-3-methylimidazolium ethyl
sulfate [E,mIm][EtSO4]° and (1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide [EMIM][TFSI], BASF SE).l194
These RTILs can be used on their own or in combination with
water based salt solutions like NaCl. They are often cross-linked
after addition of other components to form solid or gel-type elec-
trolytes.

Gelatin, a semisolid electrolyte, is one of the most widely
used natural, thermo-responsive, and protein-based hydrogels
that shows excellent biodegradability, biocompatibility, and non-
toxicity that is even injectable. 122196/ patterned gelatin hydro-
gels can easily be formed by drop-casting on a sacrificial mask
film. Casting of so prepared hydrogel on pre-patterned polymer
channels was used to realize logic circuits!?Z or even pressure
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sensors.#42 An ion-conducting poly(vinyl alcohol) PVA hydrogel
forming a quasi-solid-state polymer electrolyte?3/ was shown to
be a good electrolyte for bendable and stretchable devices that
also increase speed, stability, and provides a self-healing mecha-
nism of cracks developed in Triton X-100 (a nonionic surfactant)
mixed PEDOT:PSS channel.

Recently, novel ionic liquid based liquid-crystalline electroac-
tive elastomers were developed, which allows to control the ori-
entation of the monomers and was used to prepare substrate free
elastomer based OECTs.128199 The use of solid polymer elec-
trolytes leads to all-solid-state OECTs.2%Y For wearable sensor
technology, that sense analytes in sweat, sweat itself can serve
as an electrolytet>20L and similarly blood can as well be used as
functional component of transistors in implantable devices.292

The choice of electrolyte also influences the behavior of OECTs
and their targeted use. Both, the concentration and composition
are equally important, which was confirmed for a broader range
of cations (LiT, Nat, CsT, RbT, KT, Ca®>*) where a direct de-
pendence of impedance of OECTs on the concentration and the
nature of these electrolytic cations is reported.2% The device is
found to be more sensitive to large size/mass of cations at low
frequencies, while it is more sensitive to the valency and the ionic
conductivity at high frequencies. This opens the possibility to se-
lectively detect cations present in the electrolyte by using a single
device without specific chemical functionalization.

The ON/OFF ratio of OECTs depends largely on the choice of
electrolyte used for gating.24:84204/ Higher ON/OFF ratios are
achieved when cetyltrimethyl ammonium bromide (CTAB) is used
as the electrolyte instead of NaCl,2%4 which can be improved fur-
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Fig. 21 (a) Transfer characteristics of OECTs measured in KCI solutions
with different gate electrodes. (b,c) Transfer characteristics of OECTs
with Pt and Au gate electrodes, respectively. The OECTs are measured
in KClI solutions with different concentrations. Insets show transfer char-
acteristics of the OECTs where the curves are scaled in x-axis to yield
a universal curve. Vp =—0.1 V is used in all cases. Copyright (©) 2010
American Chemical Society.37

ther when RTIL mixed with a solution of smaller ions is used.24 It
is claimed that the cation of the RTIL C;mIm™ alone is too large
to effectively de-dope the organic semiconductor PEDOT:PSS. It
is also shown that the use of crosslinked electrolyte improves tem-
poral stability of OECTs.24

The concentration of ions inside an electrolyte makes a notable
difference. Sometimes, its effect depends on the channel material
and the operation mode as well. For PEDOT:PSS polymer based
systems, which are used in depletion mode devices, hydration is
always beneficial. 22202 Byt, for p(g2T-TT) based p-type accumu-
lation mode transistors, less injection of water into the channel re-
sults in higher transconductance and faster switching speeds.13
This observation was explained by the fact that concentrated elec-
trolytes minimize the volumetric expansion of the polymer films
enhancing mobility of electronic charge carriers. The optimiza-
tion of the concentration depends on the active material used
for highly efficient ion-to-electron transduction devices. Also, the
transfer curves of the OECTs shift to lower gate voltage horizon-
tally with the increase of the concentration of cations in the elec-
trolyte (cf. Figure -c) implying their good ion-sensitivity.3Z

5.4 Source/Drain Electrode

Although the source/drain electrode materials are known to have
a strong influence on organic electronic devices, the effects of
electrode materials on OECTs only recently moved into the focus
of research. Gold is still the most commonly used source/drain
electrode in OECT28%48194  The Fermi-level of the gold almost
matches the HOMO level of most p-type organic materials for e.g.
PEDOT:PSS, but a contact resistance remains which influences
the device performance=28123194 a5 discussed in Section

Ersman et al. studied the improvement device characteris-
tics caused by inserting a carbon conductor layer on top of PE-
DOT:PSS at the drain electrode?0®. This carbon electrode helps
to reduce the time needed to switch the device from off-to-on by
suppressing the effect of a reduction front extending into the PE-
DOT:PSS contact. Three devices were compared. The first used
PEDOT:PSS based electrodes, in the second one carbon electrodes
were inserted at the source/drain electrode, and in the third the
carbon conductor was inserted at the drain electrode only. The
switching time from on-to-off were found to be comparable but
switching from off-to-on was faster for the device with carbon
electrodes.

Overall, microscopic models are needed to understand charge
injection in the presence of large ion concentration at the source
and drain electrodes in more detail, and to guide materials selec-
tion for better contacts. The 2D drift diffusion model by Paudel
et al.®4 demonstrate the effects of contact resistance on the max-
imum transconductance, but still treats the injection mechanism
in a highly simplified manner.

Not only is energy alignment and contact resistance of OECTs
influenced by the contact materials, but the choice of material
determines the flexibility to the device as well. PEDOT:PSS it-
self as the source-drain electrode in OECT was used by Bihar
et al.207  They realized flexible alcohol sensing organic elec-
trochemical transistor using PEDOT:PSS source-drain electrode
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which requires no metal deposition and is made on an inexpen-
sive, disposable, and biodegradable paper support20Z,

6 Outlook

After their invention in 198419 QECTs have reached a matu-
rity that is sufficient for first applications, most importantly in
the form of biosensors or other bio-electronic applications. Vast
experimental progress has been made and the performance of
OECTs has continuously been pushed further.

However, most of this progress was reached despite an in-
complete understanding of the precise working mechanisms of
OECTs. Often, a capacitive coupling of the gate on the transis-
tor channel is assumed, which however might not describe the
steady-state of the transistors correctly. Two dimensional drift-
diffusion models were used to improve OECT device models, but
these models face their own shortcomings. Further research is
needed to clarify the extent of separation between an ion- and
hole conducting phase in the mixed conductor, to study the de-
pendency of the hole mobility on the electric field, ion concen-
tration, and ion concentration, and to understand injection and
extraction at the source and drain electrodes in the presence of a
high density of ions.

Our incomplete understanding of OECT device physics makes it
challenging to find clear design rules for high-performance OECT
materials. A compromise between ion and hole mobility, between
swelling in solvents and retaining high structural fidelity, and
between high transconductance and low off-currents has to be
found, but without predictive device models such an optimization
has to be pursued by trial and error. Nevertheless, the library of
OECT materials is ever growing and trends in the field are emerg-
ing, which focus on both backbone and side-chain engineering of
the channel material.

Not only have high performance OECTs been demonstrated,
but a surprising variety of different functionalities have emerged.
Through rational electrolyte selection and gate functionalization,
OECTs can be made sensitive to a wide array of analytes. Further-
more, the complex time response of OECTs enables their use as
functional elements of neuromorphic circuits. Overall, the wide
choice in materials that can be used for the gate, the electrolyte,
the organic semiconductor, and even the source/drain electrode
presents a huge parameter space that we are only starting to ex-
plore, and which will continue to provide new and exciting inven-
tions in the future.
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