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Phase separation emerging flexible, bio-, and optoelectronics owning to their unique capability of mixed conduc-
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tion. Of all types, two-phase OMIECs exhibit exceptional performance due to their high stretch-
ability and balanced ionic-electronic conduction. However, the electron-conducting phase may
segregate from the ion-conducting phase in a two-phase OMIEC, changing the conducting path
and eventually leading to degraded performance and dysfunction of the devices. In this work, we
formulate a continuum theory following the thermodynamics framework of a two-phase OMIEC
undergoing phase separation. The free energy consists of contributions from the deformation of
the polymer chains, the mixing of the polymer with salts and solvents, the electrostatic field, and
the two-phase interfaces. The equilibrium conditions and kinetics equations are derived with the
constraint of mass conservation, thermodynamics laws, and electrostatics. We implement the
theory into a finite element model and study the mechanics and electrochemistry of the OMIEC
channel in an electrolyte-gated organic electrochemical transistor (OECT) device. The computa-
tional model captures the concurrent transport of charge carriers, mechanical swelling, and phase
separation in the OMIEC and replicates the transfer curves of an OECT which agree well with the
experiments. More specifically, we reveal the origin of the volumetric capacitance as the accu-
mulation of charge carriers at the two-phase interfaces. We examine the parametric space to
elucidate experimental observations such as molecular size-dependent conductivity and
substrate-dependent phase separation. The swelling behavior and the transfer curves of OECTs
under stretched, free, and constrained states are compared, demonstrating the effects of defor-
mation on the phase dynamics and the electron-conducting behavior. We show that, for volu-
metric swelling and the electrochemical transfer curves, the effect of stress-transport coupling
dominates while the effect of the Maxwell stress is negligible. This work provides a theoretical
basis for the mechanics and electrochemistry of two-phase OMIECs.

Organic mixed ionic-electronic conductors
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Multiphysics

1. Introduction

Organic mixed ionic-electronic conductors (OMIECs) are a family of materials that enable both ionic and electronic conduction at
low bias voltages (< 1 V) (Riess, 2000; Paulsen et al., 2020, 2021; Tan et al., 2022; Kousseff et al., 2022). The bias voltage controls the
charge carrier concentration inside the OMIEC, which provides a means for fine control of its doping and conduction states. When a
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Nomenclature

UM, UC, UE,UP Work due to mechanical, chemical, electrical, and phase field

B;, T; Body force, surface traction

um Chemical (electrochemical) potential of species m

rm Source intensity of species m

jm Flux of species m

\% Electrostatic potential

F Faraday constant

F, F?', F»l FC FPl Deformation gradient and its elastic, inelastic, chemical, plastic components
e Green-Lagrangian strain

C Right Cauchy-Green deformation tensor

Cs, C°, C*, C" Concentration of solvents, cations, anions, and holes

¢ Phase parameter (the volume fraction) of phase I

A Determinant of F€

Nk K-th component of the outward normal vector on the surface
Q Space charge density

zm Valence of charged species m

Dx K-th component of the nominal electrical displacement

P, 6, 6™ First Piola-Kirchhoff stress, Cauchy stress, and mean stress
W, wWe, WPt W™ WP, WP WE  Total free energy and contributions from the strain, phase field, mobile ions, solvent, hole, and the
electrical field

FP! Inverse of FP!

F Yield Function

G, Lamé constants

L(C?)  First invariant of the elastic component of the right Cauchy-Green tensor
Jel Determinant of the elastic deformation gradient

f° Free energy of the two unmixed phases

40 Nt Chemical potential and number of monomers per chain in phase i
1™ x¢  Flory parameter of mixing for mobile species m in OMIEC and the two OMIEC phases

K Coefficient of the interfacial energy
a Characteristic chain length
Ay Difference of the interfacial energy ypepor_substrate — 7PSS—substrate
P Molar density of the substrate
w(Xz),d Interaction potential and interaction length between the substrate and the OMIEC
ym Molecular volume of the species m
€ Dielectric constant

Lhw Length, thickness, and width of the OMIEC channel in the OECT

positive voltage is applied, electrons leave the OMIEC, and anions are injected to maintain electroneutrality. This doping process
increases the conductivity of OMIECs by several orders of magnitude (Das et al., 2020). Conversely, a negative voltage reverts the
charge carriers and deprives the high electronic conductivity.

The mixed conduction of ionic and electronic charge carriers makes OMIECs-based devices ideal for sensing (Nambiar and Yeow,
2011; Picca et al., 2020), information processing (Gkoupidenis et al., 2015; Yamamoto et al., 2022), energy storage (Olmo et al., 2022),
electrochromics (Li et al., 2019), and bioelectronics (Zhang et al., 2022). For instance, OMIECs can be utilized as the channel material
in organic electrochemical transistors (OECTs), as sketched in Fig. 1 (Rivnay et al., 2018; Hidalgo Castillo et al., 2022). In an OECT,
there is a gate electrode immersed in the electrolyte, a source electrode, and a drain electrode connected to the source by the OMIEC
channel. The gate voltage dictates the conduction state of the OMIEC channel, and the drain voltage provides a bias for current flow
from the source electrode. When a proper gate voltage is applied against the grounded source electrode, the OMIEC channel is doped
with a high electronic conductivity, which turns the transistor on and allows large current drainage. Conversely, a reverse voltage at
the gate electrode turns the transistor off. The fast-responding, low-power-consuming, and biocompatible OECTs can be used in
wearable sensors for sweat monitoring (Aerathupalathu Janardhanan et al., 2022) and brain-machine interfaces for transmitting and
accepting neuron signals (Liang et al., 2021; Go et al., 2022).

The dynamics of OMIECs during electrochemical processes need to be understood from both the mechanical and electrochemical
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Fig. 1. Two-phase OMIECs as the channel material in organic electrochemical transistors. (a) Sketch of an OECT with holes (red) and fixed negative
charges (green) in the channel immersed in the electrolyte with cations (orange) and anions (blue). (b) Sketch of the phase separation and evolution
of the conducting pathway. (c) Molecular structure of a representative OMIEC, PEDOT:PSS.

perspectives. In contact with an electrolyte, the OMIECs absorb solvents and ions due to the gradient of their chemical potentials and
swell in the volume. The solution thermodynamics and mechanical swelling have been well studied since Gibbs (Gibbs, 1878; Flory and
Rehner, 1943; Tanaka and Fillmore, 1979; Shibayama and Tanaka, 1993; Hong et al., 2008; Zhang et al., 2020; Bosnjak et al., 2022).
The electrochemical aspect of OMIECs adds the motion of ions and electrons in the existing theories. The electronic conducting path in
OMIECs is determined by the phase structure. In a single-phase OMIEC, the charge carriers may flow along a continuous
electron-conducting path. Nevertheless, high-performance OMIECs are often mixtures of ion-conducting and electron-conducting
phases with balanced ionic and electronic conduction (Keene et al., 2022). In two-phase stretchable OMIECs (Kayser and Lipomi,
2019), the transport of electronic charge carriers is fulfilled by hopping/tunneling along the tortuous electronically conductive phase
(Honma et al., 2018; Gueye et al., 2020), as illustrated in Fig. 1(b). Recent studies on conducting polymer blends have shown that
long-range tunneling between isolated electron-conducting phases is limited to ~ 3 nm (Keene et al., 2022; Makki and Troisi, 2022). As
an example, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, Fig. 1(c)) is one of the best-performing two-phase
OMIECs which consists of the electronically conductive (via hole) PEDOT phase and the negatively charged PSS phase (Shi et al., 2015;
Kayser and Lipomi, 2019; Dingler et al., 2022). During the doping process, holes are injected into PEDOT and cations are expulsed from
the negatively charged PSS phase. In the exercise of doping and dedoping, PEDOT:PSS films often experience phase separation either
horizontally in the plane or vertically through the thickness direction, as shown in Fig. S1, especially when polar solvents are added to
further improve the conductivity (Cruz-Cruz et al., 2010; Yeo et al., 2012; Ouyang et al., 2015; Yildirim et al., 2018). As a result, the
large-scale phase separation in OMIECs can block the conducting path and cause the breakdown of the mixed conduction.

Phase separation of OMIECs is a challenging subject in phase field modeling such as on polymeric gels which swell to coexisting
states of different concentrations of guest species (Shibayama and Tanaka, 1993; Cai and Suo, 2011; Hong and Wang, 2013; Zhao et al.,
2016; Yu et al., 2017; Celora et al., 2022). Gels are typically regarded as a single molecular network with collective diffusion char-
acteristics that the material particles do not change their relative positions (Shibayama and Tanaka, 1993). In gel swelling, the
concentration of guest species delineates different states. However, for the OMIECs undergoing phase separation, it is the concen-
tration of a certain host molecule that determines the phases. For example, the phases in PEDOT:PSS are not dictated by the solvent
concentration but by the concentration of the PEDOT molecules. This feature calls for caution in the direct use of the aforementioned
theories proposed for crosslinked polymeric gels, because the relative positions of the material particles in two-phase OMIECs may not
be preserved during the large-scale phase separation. Nevertheless, previous studies pointed out that this problem can be partially
circumvented for host materials that preserve the relative positions for at least some material particles (Hong and Wang, 2013; Kim
et al., 2022).

The modeling of electrochemistry in OMIECs presents another challenge. The first hurdle is the determination of the electro-
chemical potential of the electronic charge carriers, which involves assumptions of the electronic density of states (Tybrandt et al.,
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2017). The second challenge is the determination of the spatial distribution of the ionic and electronic carriers and the precise
description of their interactions. One lasting question is whether local electroneutrality breaks down. Wang et al. (2009) distinguished
two cases for Poisson’s electrostatic equation: idealized electroneutrality where the space charge density is strictly set to zero versus
limited electroneutrality where the space charge is determined by the local concentration of charge carriers. They concluded that for
charge transport behaviors, the condition of electroneutrality makes little difference. In another study, Celora et al. (2022) showed that
the breakdown of local electroneutrality leads to a new mode of phase instability in polyelectrolyte gels when the Kuhn length is
comparable with the Debye length. In PEDOT:PSS of large-scale phase separation, the negative charges in the PSS phase and the
positive charges in PEDOT could cause a violation of electroneutrality of each phase without the compensated charge carriers.
Therefore, it is necessary to determine the carrier distributions in OMIECs to understand their electrochemical behaviors. Thirdly, the
majority of previous studies on the electrochemical performance of two-phase OMIECs utilize homogeneous single-phase models
which do not distinguish the electron-conducting and ion-conducting phases. Volkov et al. (2017) used a simplified sandwich structure
of PSS-PEDOT-PSS and captured the capacitive current that is entirely missing in the single-phase models. Despite this success, a more
accurate model that can describe the realistic phase structures of two-phase OMIECs is urgently needed.

In this work, we propose a continuum theory of a two-phase OMIEC of phase separation following the thermodynamics framework
and derive the governing equations for the equilibrium and kinetic processes. Using free energy consisting of the deformation of
polymer chains, the mixing of solvent and salts with polymers, the two-phase interfaces, and the electrostatic field, we derive the
constitutive relations. We implement the theory into a finite element model and study the mechanics, electrochemistry, and their
coupling in OMIECs. We examine the material parameter space and identify the conditions that well capture experimental observations
such as mechanical swelling and phase separation in a two-phase OMIEC, and furthermore the transfer curves of an OECT device. We
evaluate the evolution of the conducting path and the transfer curves in stretched, free, and constrained OECTs as the OMIEC phases
segregate. We also compare the effects of the transport-stress coupling versus the Maxwell stress on the transfer curves of an OECT and
find that in such cases the Maxwell stress can be neglected. This work provides a theoretical basis for understanding the mechanics and
electrochemistry of the state-of-the-art two-phase OMIECs.

2. Theory
2.1. Thermodynamics, mass conservation, and electrostatics

We follow the Coleman-Noll procedure (Coleman and Noll, 1963; Truesdell and Noll, 2004), which applied the general principles
and material-specific assumptions in an elegant and unified mathematical description, to formulate the theory. In the continuum
theory, we assume that the relative positions of at least some material particles are preserved during the phase separation, which
allows us to track the deformation during the evolution process. Following a prior work on polymeric gels by Hong et al. (2008, 2010),
we consider a system connected to a pump with constant chemical potential 4™ of mobile species m, a pump with constant chemical
potential u# of phase ¢, a battery with constant electrical potential V, and a weight with constant pressure. In the current state, the
mechanical work due to infinitesimal changes in displacement éx; of the material particle X(X, t) is

Reference state Current state
Actual deformation

i 1

T F Fic= FEAFS = FEAFS.Fix

Plastic deformation

1 ~pl Y |
Fp ’ 17((1( [ 71 \\\\ II II
f / \themicaI deformation /
R / FC, S, / A
L /

Fig. 2. Multiplicative decomposition of the deformation gradient tensor at each material particle.
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SUM = / Bi(X,1)5x,dQ + / T;(X, 1)6x;dsS, M
Q N

where B;(X, t) is the body force density and T;(X, t) is the surface force density. The chemical work due to infinitesimal changes in the
number of the mobile species m is

SUS = / ©(X, )8 dQ+ > / WX, 1)/ 51dS, 2
m Q m S

where r™ is the source intensity, and j™ is the surface flux. The superscript m represents one of the following mobile species: solvent,
anion, cation, and hole. The electric work due to infinitesimal changes in the number of holes is

SUF = / FV(X, 1)5r"dQ + / FV(X, 1)/"51dS, ®

Q N

where F is the Faraday constant, r is the source intensity, and j" is the surface flux. For a two-phase OMIEC, we define the volume
fraction of phase I as the phase parameter ¢, and the volume fraction of phase II is 1 — ¢. For example, in the blend of PEDOT:PSS
polymers, the volume fraction is related to the concentration of the monomer EDOT in the PEDOT phase by ¢ = S = CEPOTyEDOT,
where vEPOT is the volume of the EDOT monomer. The work due to infinitesimal changes in the phase parameter ¢ is

UM = / (X, 0)6r"dQ + / u? (X, 1)j?5tdS, 4

Q N

where r¢ is the source intensity, and j* is the surface flux.
The material particle X in the reference configuration resides at x in the current configuration. Define the deformation gradient Fix
as

(3x,~

Fipo = —1.
K 0Xy

G

As illustrated in Fig. 2, the deformation gradient is multiplicatively decomposed into an elastic component F® and an inelastic part
F a5 follows (Simo and Hughes, 2006),
Fix = F{,Fif = FY FS,Fiy, &

where FC,_ represents the deformation due to the insertion of the mobile species, and Ff;}< represents the plastic deformation.

The elastic strain is defined by the elastic component of the right Cauchy-Green deformation tensor C¢ , = F¢LF¢., as

1 1
e, = 3 (€, —8s2) = 3 (FLF, —8.9)- @
Assuming incompressibility it yields (Zhao et al., 2011)
det (F) =A=A(C", C°, C) =1+ _C"V", )
where v" is the volume of the mobile species, and C*, C¢, C* represent the solvent concentration, cation concentration, and anion

concentration in the OMIECs, respectively. Assuming isotropic deformation of the host upon the insertion of the mobile species, one
has

FSy = N6 ©
The conservation of all species, including the solvent, charge carriers, and matrix molecules, is given by
m X
C"(X,t+dt) — C"(X, z)+%6z:r’”(x, 1), (10a)
K

in the volume and
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m + m - sm
NK[ K(X7t)] _NK[\]K(th)] =J (X!t)> (]-Ob)

on the surface, where C™ is the concentration of individual mobile species m, and Nk is the surface normal. The superscript “+” (“~)
represents the value of the quantity at the outward (inward) side of the surface. In particular, the conservation of the host molecule
(phase parameter ¢) in the volume is given by

arl(x, 1)

K

DX, t+6t) — p(X, 1) + 5t =0. an

The space charge density Q is given by

0= <rh +y e +z°c°) F, (12)
where 7 is the number of injected holes, z™ is the charge per mobile species, z° and C° are the valence and concentration of the fixed
charges. For solvent, z* = 0. For simplicity, we take z° = 2" = 1 and 2* = — 1. The Poisson’s equation is

0Dk (X, 1)

—_— X,t 13a

o, 2%, (13a)

in the volume and

Ng[Dx (X, 0)]" — Ng[Dx(X,1)]” = Fj"(X, 1)st, (13b)

on the surface, where Dy (X, t) is the electrical displacement.

Consider the free energy as a function of the elastic deformation, electrical displacement, concentration of all species, phase
parameter, and the gradient of the phase parameter, W = W(e®!,D,C™,$,V¢ ). We take the variation of the free energy as the change of
the free energy related to the infinitesimally small changes,

0W ow

A(Ve)x

W (e, D,C", ¢, V¢ ) =

2+ :~ 5Dy + Z—(scm + —5¢ + 5(Ve)x a4

g

Note that C™ in Eq. (14) also includes C". The second law of thermodynamics requires that

/5W — (8UM 4 6U° + 68U + U )dQ < 0. (15)
Q

2.2. Governing equations
Using Egs. (1)-(14), (15) is expanded as follows. The detailed derivation is attached in Appendix A.

/5W — (8UM +6UC + 68U 4+ 6UP)dQ =TV + T¢ + T* + T" <0, (16)

Q

where

/5x, |:0XK (0&“ Fel FK/T;IF ) + Bi] dQ
Q

0 " ow
- / [NK ( e i —FLFSF, Cax,> — Ng ( S P LFF, C&x,) + T,»&x,»] ds (16a)
N

oW 1
2 R F,,S(S(F p )dsz,

+ ael i/
Q
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1 ow 1 oA
° = -= FeLUF — —— — y"5r"dQ
i / acm * 307 ) oNacm

+> "’zSzi<a—W+FV"ul w e‘Fe]la—/\>om

m#h acm 3 agic;/, 24 zﬁA acm
ow 1 oW 1 0A N
N (Jmsn)” FVZ" — = Fpd — —— _ym) dS
+§/ (7o) (acer © T30, o aem )
N
a a a B ew
w 1 oW 1 oA
— N (J781) | —+FV" — = F"-EF?‘——f ") ds
mz%h L(J6t) <6C’"+ z 30, 7N oCm H )
N
ow a [ow
+ [ rvworaas [noge (Foerv—y)an
Q Q
ow * ow _
+/K6Ch+Fv }t) (Jhor) " — (aCthFV y) (Shar) }Nde
N
W v ~ ~
TE = / (6D X )5DKdQ+ / (6Dg V)" N — (6D V)~ NidS, (16c)
Q K N
ow W a (oW a W
™ = /(—7—77 ‘/')Sr‘/’dQJr/J"’St (—7—7>d9
J \op ™~ X, a(V), # J ok \ap oKy oV
ow  a oW - ow 9 oW *
= " )\t No— |- ——— — y? J?St| N.dS
/ Kdas 0K OV ), ) : ’} =7 \op " axe ave), M) (16d)

[ Ien) —rer) Jows

Note that F~?! represents the inverse of FP, and F € = A3 is the inverse of FC. Each of the terms in Eq. (16) governs a unique
process. Only when the system is at equilibrium, the equality holds. Inequality holds due to the inelastic deformation of the host
materials, the kinetics of mass transport, and the irreversible phase separation which make the increase in free energy less than the
work done to the system.

We shall now examine each of the terms in Eq. (16) and reveal their significance. Intensive quantities are defined to denote the
governing equations for the equilibrium state and kinetic processes. T in Eq. (16) describes the mechanical processes. To ensure that
the sum is no greater than zero for all admissible 6x;, the coefficients in the first two terms in TM must vanish. Define the first Piola-
Kirchhoff stress and Cauchy stress as follows.

ow
Py = 5 F“'l LFES, (17a)

1

oy = W(F)PMF/K' (17b)

Then, the first two terms in T™ yield mechanical equilibrium in the volume and on the surface in the reference configuration,

B =0, 18
Xy + (18a)
T; + Nx(Pi)™ — Nx(Pix)™ =0. (18b)

Note that we recovered the classical mechanical equilibrium equation and the traction boundary condition. The third term in T
describes the plastic dissipation. Using Eqs. (6) and (18),

/ o P F Ca( p )dg / ,LF;]LFI-KE( p )dQ / ZKLF;;'Lé( p )dg - / zKLF,;;;‘a(F;?L)dQ, (19)
Q Q Q
where Xx; = Py Fig is the Mandel stress (Lubliner, 2008). To enforce inequality, the flow rule must satisfy the following,

SaFl By > 0. (20)
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As an example, we choose the associated plastic flow rule as follows (Anand et al., 2012; Di Leo et al., 2015),

oF,
0%’

Fyp K/i =7 (21a)

where the plastic multiplier and the yield function satisfy the Kuhn-Tucker conditions (Simo, 1992; Simo and Hughes, 2006),
>0, F, <0, ZF, =0. (21b)

The yield function for plastic deformation is written in terms of the yield stress ¢¥ and the deviatoric part of ! as

3
F¥ =y EZ?QE?(L -0 (21o)

The terms in T€ in Eq. (16) describe the transport of all mobile species. From Eq. (17b), the mean stress ¢™ can be defined as follows.

1 11 ow 11 oW
"= —F PP CFy I pel pel -
7 T3 det(F) ggd, ) /" Kb " 07 3 det(F det(F) e, " i (22)

Define the partial molar volume of a mobile species in a stressed solid as follows,

det (F) dA
A dcv

mo__

(23)

Then, the electrochemical potential of the mobile species is defined as follows to satisfy the inequality for all admissible 5r™,

ow

m F — ™", 2.

u 0C’”+ V7" — 6™, (24a)
oW

h_

W =G HEV. (24b)

Now, the only non-vanishing terms are the volume integral on the flux. To maintain the inequality for all possible 6J, the following
kinetics equations are chosen for convenience,

- m 0"
JL = —,///LKE7 (253)
n o
= 7,//‘;,(@, (25b)
where .7 is the mobility of the mobile species.
The terms in TF in Eq. (16) describe the electrostatic field. Define the electrical field as
~ ow 9V
E _ (26)
K= (3DK Xk

Since the voltage and electrical displacement evaluated on both sides of the surface are the same, the surface integral vanishes.
The terms in TPf in Eq. (16) describe the phase field in the OMIEC. Similarly, we define the chemical potential of the OMIEC
material as

ow 9 oW
o _OW_ 0 ) 27
W= 0 % oV, @
And the inequality is enforced by taking that
ou?
I/J il
M X (28)

where .#? is the mobility of the OMIEC molecules.

The mobilities of the mobile species and the phase parameter are linked to the diffusivities and deformation gradient as follows
(Hong et al., 2008)
Clen

RT

Cm D"

MYy =———F'F;' = c,; , (29

where D™ is the diffusivity, R is the gas constant, and T is the temperature.
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2.3. Explicit forms of the free energy

The free energy W consists of six components, including contributions from the elastic deformation of the polymer W¢, the matrix
material and two-phase interfaces WP, mobile ions W™, solvent W®, holes W', and the electrical field WE.

W= W + WPh + W™ + W* + W+ WE (30)
Implied by the experimental measurement of the tensile stress-strain curves (Lang et al., 2009), we choose the Neo-Hookean
hyperelastic constitutive relation for the elastic deformation and a perfectly plastic model. The elastic free energy is expressed as

1 : 1 .

W = 2G[1(C) =3 =2 ()] + 5[ ()], 31
where G and 4 are the Lamé constants, I; is the first invariant of the elastic component of the right Cauchy-Green deformation tensor
¢, and J° = det(F®).

Following Cahn and Hilliard (1958), Cahn (1965), and Velazquez Sanchez (2002), we express the free energy of the polymer and
the two-phase interfaces in terms of both the phase parameter and its gradient

WP =) + k()" + pw(Xa). (32)
where f0(¢) is the free energy of the mixture without the interfacial energy, x(V¢)? is the excess free energy associated with the

interface, and ¢w(X>) is the interaction energy of the polymer with the substrate. Following Flory (1942), we take

(1-¢)
NII

fP ="’ + (1= )" +RT [%lnqw In(1—¢) +2"¢(1- )| (33)
where ;% and Nt are the chemical potential and the number of monomers per chain in the phase I or II, respectively. y? is the Flory
parameter of mixing.

The coefficient « is related to the interaction length a, ¥?, and ¢ by

_rra (Y 1
K(¢)7RTa2<6+36¢(1_¢)>. (34)

At a vertical distance of X, from the substrate, the coefficient w(X;) is related to the molar density of the substrate p*°, interaction
length d, and the difference in the interfacial energies Ay = ypppor_substrate — ¥pss—substrate PY

4Ay

3
pbd (1 + %)

In Flory’s theory (Flory, 1942), the free energy of solvent in the electrolyte W*~elecolye 5 expressed in terms of its concentration C*
and the molar volume v™ as

w(Xy) = - (35)

1
W.\-—e]ectrolyle — RTc\l - 36
RS SRETCE >

where m is summed over all ions. Note that we take the assumption that the partial molar volume equals the molar volume. The free
energy of each ion in the electrolyte W™-electrolyte 5 expressed in terms of its concentration C™ and the volume v™ as

mcm

Wm—c]cclmlylc — RT le v __\ 37

{ EERTE @7

Note that we ignored the insignificant enthalpy of mixing in the electrolyte. In the OMIEC, both the salt and the solvents are guest

species. The free energy of solvents and ions in OMIEC, WmOMEC s expressed in terms of its concentration C™, the volume v*, and
Flory parameter of mixing y™ as

mcm Imcnl
wrm-OMIEC _ pp( omy Y & . 38
n1+ijC1+1+ijC/ (38)

The free energy of holes in OMIEC, Wh, is expressed in terms of its concentration C" and the reference concentration C"* as

h h Ch
W = RTC"(In 55— 1). (39)

We write the free energy associated with electrical polarization as (Xiao and Bhattacharya, 2008; Hong et al., 2010; Mozaffari et al.,
2022)
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We=— DDy, (40)

where ¢ is the dielectric constant.
With the above free energies, we obtain the constitutive relations for the field variables including the Cauchy stress ¢}, the chemical
potential of solvent in the electrolyte ys~¢clyte | the electrochemical potential of ions in the electrolyte ™€yt the electro-

chemical potential of all mobile species in the OMIEC ™ OMIEC and the chemical potential u¢ of the phase ¢ as follows. The derivation
of Eq. (41) is shown in Appendix B.

1 el el 1 1
% = 3l [2Ge5 +an(s) 8]+ (D,-D_, 7§Dka5,-j). (41)
s—electrolyte _ RT1 — 2
# D YIRTTe] “s
mcm vmcm
m—electrolyte _ RT! 1 v — _ — FV7". 43
U { NI IRTE + 75,00 + FV7 (43)
mcm Vmcm Zm
mOMIEC — RTIn—— (1— — {1 | b FVE = om 44
# {“1+2jwa+ Tryvo)\ Tirswo | (TP T “o
ch
W' = RTIn 5 + FV. (45)
Ing+1 In(l—¢)+1
o= — oy RT{ N ( N,,) +x' (1~ 2¢)}
RTa> (1-2¢) _ > 4Ay ) (;(4’ 1 ) ) (46)
Vo) — —RTa” | =+ V.
% pa-ar T Y 3 s =)
Egs. (26) and (40) result in the following correspondence between the electrical displacement and the electrical field,
~ ow 0 1 Cxr~ ~ 1 FyFo~ 1

Ei = HyE; = Hy—= = Hy—= | — —=DyD, | = Hy (- D, | =-D;, 47

= jaDJ jaDJ (28 detF ¥ L) (8 detF " € “72)
or

D; = EE‘,'7 (47b)

where FHiy = 6.
Under thermodynamic equilibrium, the chemical potential of the solvent in the electrolyte is the same as that in the OMIEC, namely

s—electrolyte s—OMIEC

Using Egs. (42) and (44), we can define the osmotic pressure of the solvent as follows,

Gate electrode: Dirichlet boundary for all fields

) Electrolyte
All other boundaries: C.C.C
zero flux for species/current s VC' a
s OMIEC channel &
/s Source electrode: C‘S/'Cc'ch Drain electrode : &
Dirichlet boundary for Cy,, V U Dirichlet boundary for Cy,,V

27, 7.

Fig. 3. Sketch of the OECT model with the geometry, field variables, and boundary conditions.
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_RT

m

_VS

m—C (- 1L )
1+> Vo 1+> Vo 1+> Vo 1+> Vo (49)
J J J

s
Note that the last term is evaluated in the electrolyte and others are evaluated in the OMIEC.

3. A model of organic electrochemical transistors

3.1. Geometry, variable domains, and boundary conditions

We implement the theory into a finite element model and study the mechanics and electrochemistry of an OECT. The OECT is
represented by a two-domain model as shown in Fig. 3. The gate electrode is on the top of the electrolyte, and the source and drain
electrodes are at two sides of the channel in the lower domain. The electrolyte domain contains the variables of the concentrations of
solvent Cj, cations C;, anions C,, and the electrostatic potential V, which are solved using the transport kinetics for the mobile species
(Egs. (10), (25), (29), (42), (43)) and the electrostatics (Eqgs. (12), (13), (26), (47)). For simplicity, we assume that anions are restrained
in the electrolyte and cations are the messenger between the electrolyte and the OMIEC. The OMIEC in the channel domain hosts
variables of the concentrations of solvent Cj, cations C., holes Cy, the electrical potential V, the displacement u, and the phase
parameter ¢, which are solved using the transport kinetics for the mobile species (Egs. (10), (26), (29), (42), (44), (45)), evolution of
the phase parameter (Egs. (11), (28), (29), (46)), electrostatics (Egs. (12), (13), (26), (47)), and the mechanics equations (Egs. (5), (6),
(9), (18), (21), (41)). A detailed description of the initial-boundary value problem is shown in Appendix C. To avoid the accumulation
of holes in the PSS-rich region due to the accumulation of negative charges and ensure that the holes only appear in the PEDOT phase
and cations in the PSS phase (Rebetez et al., 2022), the space charge concentration in Eq. (12) is modified as follows

0= (¢pC+(1—¢)C.— (1—¢)Crix)F, (50)

where Cgy is the concentration of fixed negative charges in the pure PSS. Therefore, in the PSS-rich region with small ¢, the contri-
bution from cations (1 —¢)C. to the space charge dominates and the contribution from the holes ¢C, is negligible.

The initial and boundary conditions of the model are prescribed as follows. To avoid singularity in the electrochemical potential of
species, the initial value of the solvent, cations, and holes in the OMIEC is set as a small value, as listed in Table 1. The OMIEC domain is
roller-constrained (with freedom of motion in the vertical direction due to the swelling of OMIEC but not in the horizontal direction) in
all the boundaries except that in contact with the electrolyte, and the rigid motion is suppressed. The top surface is assigned as the gate
electrode with C; = Cyg, C. = C, C. = Cq0, and V = V. The source electrode on the lower left corner is with C, = C,,p and V = 0, and
the drain electrode on the lower right corner is with C, = C,p and V = Vp. The electrostatic potential V and the electrochemical
potentials of solvents and cations are continuous across the interface between the OMIEC and the electrolyte. The parameters used in
the initial and boundary conditions are listed in Table 1.

The parameters for the free energy due to mechanical deformation are listed in Table 2. To improve the convergence, we adopted a
linear hardening law with a tangent modulus of 2% of the shear modulus. The parameters for the free energy of mobile species and the
electrical field are listed in Table 3. The diffusivities are listed in Table 4. We assume that the PEDOT phase conducts only holes and the
PSS phase conducts only ions. This is realized by a phase parameter-dependent diffusivity, as shown in Table 4. We use the experi-
mental measurements of an OECT from Tang et al. (Tang et al., 2021) as the benchmark. The size of the channel is as follows due to the
computational cost: length [ = 120nm, thickness h = 60nm, and width (out-of-plane direction) w = 20mm.

Table 1
Parameters for the initial and boundary conditions.
Parameter  Description Value Refs.
Csinit Initial value of solvent in OMIEC 1 mol m—3 —
Ceinit Initial value of cation in OMIEC 1 mol m—3 —
Cso Concentration of solvent at the gate electrode 1/vs Table 3
Ceo Concentration of cations and anions at the 200 mol m~3 —
gate electrode
Crix Concentration of fixed charges in OMIEC 4000 mol m—3 Szymanski et al., 2017; Tybrandt et al., 2017; Volkov et al., 2017;
Kaphle et al., 2020
Cho Concentration of holes at the source electrode 4000 mol m—3 Szymanski et al., 2017; Tybrandt et al., 2017; Volkov et al., 2017;
Kaphle et al., 2020
Chinit Initial condition for concentration of holes 1 mol m=3 —
Chp Concentration of holes at the drain electrode F(Vs — Vp) _3 -
Choexp (T) molm

11
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Table 2
Parameters for the free energy due to mechanical deformation.
Parameter Description Value Refs.
G Shear modulus 230 MPa
v Poisson’s ratio 0.32
Lz ot al., 2
p) Lamé constant 409 MPa ing et al., 2009
Y Yield strength 17 MPa

Table 3
Parameters for the free energy of mobile species and the electrical field.
Parameter Description Value Refs.
N1, N, Number of monomers per PEDOT/PSS chain 70, 2300 Xia and Ouyang, 2012
7 Flory parameter of mixing 0.5 Gennes, 1979
a Characteristic chain length 0.442 \/N1¢ + No(1 — $) nm Gennes, 1979
Ay Difference of surface energy between PEDOT-substrate and PSS-substrate 5mN m! Saito et al., 2020
i Molar density of substrate 2.2 ¢gcm™? SiO,
60 g mol !
Interaction length 0.353 nm Palumbiny et al., 2015
5 Dielectric constant 81 Volkov et al., 2017
VS, Ve Molar volume of solvent and cation 18 g mol ! Water
0.997 g cm 3
v Molar volume of anion 287.075 g mol ! TFSI™
1.33 gem™3
m Flory parameter of mixing for hydration 0.17 BieBmann et al., 2018
Table 4
Diffusivities.
Parameter Types of species Value Refs.
D, OMIEC chains 5x 1077 m2s! Richards and Jones, 1999
Ds_electrolyte Solvent in electrolyte 1078 m2s~! Tybrandt et al., 2017
Ds_omiEc Solvent in OMIEC 1071 m?s! Tybrandt et al., 2017
Dim_clectrolyte Ions in electrolyte 1078 m2s! Tybrandt et al., 2017
De_omikc Cations in OMIEC (1074 +1078(1 — ¢)) m*s! Tybrandt et al., 2017
Dy Holes in OMIEC —0.5)? Tybrandt et al. 2017
10-8exp| — (4 -057 271
2 x0.12

3.2. Implementation of the finite element model

When the polymer chains of PEDOT: PSS diffuse, the holes in PEDOT and ions in PSS are also in motion. We idealize and describe
this process using a source term in the diffusion equations of ions and holes in the OMIEC

M= gt (51a)
i = —¢CC. (51b)

The weak form is obtained for the transport equations by multiplying the differential form with a test function ¢" and integrate
over the volume,

. I\ am o c o opm oC” o
/(c’”fr'uaXK)c dQ = /(c —-MCdQ + /—c*‘ ol dQ + /c JUNidsS. (52)
Q N

0Xx RT Y 0X, 0X,
Q Q

where m represents the solvent, cation, anion, hole, and phase parameter. We solve the weak form of all the transport equations by
COMSOL Multiphysics. The electrostatic field, the displacement field, and the electromechanical coupling are solved by the embedded
modules in COMSOL. Third-order shape function is employed for the displacement field, while second-order shape functions are used
for all other fields. The built-in time-dependent solver MUMPS (MUltifrontal Massively Parallel sparse direct Solver) is used to solve
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Fig. 4. Evolution of local volume fraction of PEDOT for D, = 5 x 1017 m?/s at the normalized time % = 0, 0.001, 0.2, 0.3, 2, and 5.

the equations of mechanical deformation and electrostatic field, and the weak formulation of the transport equations. The mesh
convergence and algebraic convergence are satisfied.

4. Results
4.1. Phase behavior
Phase separation takes much longer time than the electrochemical doping of OMIECs. For PEDOT:PSS, electrochemical doping

completes in less than 0.1 s (Kawahara et al., 2012). However, the time scale for the complete phase separation in PEDOT:PSS ranges
from hours to days, depending on the experimental synthesis conditions and size of the samples. For a dimethyl sulfoxide-treated

. 1
0.8
0.6
0.4
0.2
0
Fig. 5. Local volume fraction of PEDOT at the normalized time & = 5 with the Flory parameter of mixing Xp =0~0.5.
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PEDOT:PSS thin-film of the size 4 cm x 2 cm x 1um, in-plane phase separation is observed in 24 h, as shown in Fig. S1 (a—d). Vertical
phase separation through the thickness direction requires a much smaller diffusion length. As indicated by the phase images in Fig. S1
(e-h), PSS aggregates at the top of the PEDOT:PSS films of the thickness ~ 90 nm within one hour. The difference in the time scale of
the phase separation and the electrochemical doping implies that significant influence of phase separation occurs mostly after
long-term cycling, but its impact on the local conduction path may be continuous throughout the cycling processes.

In this subsection, we study the phase behavior of two-phase OMIECs and explore the material parameters space, including the
diffusivity, the Flory parameter of mixing, the molecular size of the PEDOT:PSS chains, and the interfacial energy between the OMIEC
and the substrate, that govern the phase evolution. For simplicity, only the phase field is computed in this subsection while the
electrochemistry and mechanics studies are presented in later sections. A random initial phase structure is generated to simulate the
well-mixed phase structure after the solution processing (Li et al., 2019), as shown in Fig. 4 when h% = 0. We use the film thickness as
the characteristic length of OMIEC diffusion in thin films. The average phase parameter ¢ is set 0.35, corresponding to the average
volume fraction of PEDOT in the PEDOT:PSS mixture (Xia and Ouyang, 2012).

We first examine the phase evolution without the substrate effect, namely w(X;) = 0. In this case, the system evolves to minimize
the interfacial energy of the two-phase interfaces. Two stages can be roughly identified from the contour plots of the phase parameter,
shown in the temporal order in Fig. 4. In the early stage (normalized time 2 < 0.2), small-scale two-phase interfaces gradually
disappear because of the high energy cost and relatively short diffusion length. In the later stage, large-scale phase separation emerges
due to the excess energy of the interfaces in the mixed phase. The final equilibrium state exhibits horizontally separated phases with a
small interfacial area. While a well-mixed phase structure enables balanced and fast charge conduction, a completely separated phase
structure blocks the conduction of the charge carriers. Therefore, the evolution in Fig. 4 indicates that the overall conductivity peaks at
B ~ 0.2 when the phases are well mixed and then gradually declines to zero when the PSS and PEDOT phases are completely
segregated from each other. We will validate this prediction in the next subsection.

The phase evolution is driven by the combined effects of the entropy of mixing and enthalpy of mixing. The Flory parameter for
mixing y, characterizes the enthalpy of mixing which strongly influences the shape of the free energy and the phase structure in
equilibrium. For zero or small y,,, the entropy of mixing dominates in the free energy, which yields a coexisting phase, as shown in the
case where y, = 0 in Fig. 5. For large y,, the enthalpy of mixing dominates, which favors phase separation as shown in y, > 0.2 in
Fig. 5. With larger y,,, phase separation is faster due to the higher driving force. Thus, the snapshots for 0.1 <y, < 0.4 obtained at 2
= 5 also represent possible intermediate states toward the completely segregated state for y, = 0.5. The results imply that, to optimize
the electrochemical performance of well-mixed two-phase OMIECs, chemical additives in different treatment methods that result in
low y, are preferred to avoid large-scale phase separation.

The effect of entropy of mixing on the phase separation is also significant. Xia and Ouyang (2012) reported that PEDOT:PSS so-
lutions with larger colloidal size exhibit higher conductivity. On the one hand, the colloidal size is influenced by the Flory parameter of
mixing y,, which is determined by the experimental synthesis conditions, additives, and so on. On the other hand, the colloidal size is

N, = 2300

Fig. 6. Local volume fraction of PEDOT at the normalized time & = 5 for N, = 2300 and Ay = 0 N/m.
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directly related to the molecular size, as proposed by Xia and Ouyang (2012). As shown in Eq. (33), the molecular size influences the
entropy of mixing and the shape of the free energy which determines the phase structure and conductivity. Here, by increasing the
number of monomers in the PSS chains we examine the phase behavior. As shown in the left panel of Fig. 6, large-scale phase sep-
aration occurs for N, = 230 and N, = 2300 at the normalized time % = 5. However, the PSS chains with a larger molecular weight N,
= 23,000 exhibit much slower phase separation and the phases coexist for a significantly longer time. When PEDOT and PSS coexist,
the OMIEC is well doped with high conductivity. In contrast, large-scale phase separation destructs the conducting path and minimizes
the conductivity. This explains the experimental observation on the colloidal size-dependent conductivity in PEDOT: PSS (Xia and
Ouyang, 2012).

The presence of the substrate contributes to the free energy of mixing by ¢w(Xz), according to Eq. (32). With this effect, the system
evolves to minimize the interfacial energy of not only the two-phase interfaces but also the substrate-OMIEC interface. As shown in Fig.
S1(e-h), PSS preferentially aggregates near the surface after solvent-vapor annealing (Yeo et al., 2012), which is in contrast with the
in-plane phase separation as shown in Fig. S1(a—d) and discussed in Figs. 4 and 5. Here, we explore the substrate effect to uncover the
mechanism. Assuming that the PEDOT-substrate interface has lower interfacial energy than the PSS-substrate interface, the substrate
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Fig. 7. (a) Gate voltage profile of the OECT during the 12 doping cycles. (b) Contours drawn in the deformed frame of the local volume fraction of
PEDOT ¢, the electrostatic potential V, the effective cation concentration %};), and the effective hole concentration %’f in the OECT at the

initialized state t;, the first doped state t;, and the 12th doped state t4.
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would favor the presence of PEDOT, leading to vertical phase separation in the thickness direction. We choose the difference between
the two interfacial energies Ay = ypgs_substrate — ¥PEDOT—substrate 10T the parametric study. For a given molecular weight of Ny = 2300, we
increase Ay from 0 to 0.2N/m. As mentioned above, when Ay = 0, in-plane phase separation is more likely because of the smaller
interfacial area in thin films. However, as shown in the right panel of Fig. 6 and when Ay = 0.2N/m, higher Ay leads to vertical phase
separation despite its larger two-phase interfacial area. Proper surface treatment can be used to obtain the desired phase structure and
electrochemical performance.

4.2. Electrochemistry in an OECT

After examining the phase behavior in PEDOT: PSS, we now explore the electrochemistry of the two-phase OMIECs in an OECT
device as the channel material. As described in the Introduction, OECTs control the current passing through the circuit via the applied
gate and drain voltages. Specifically, the gate voltage controls the doping state of the channel and therefore its conductivity, and the
drain voltage drives the current flow from the source electrode to the drain side.

In the following, we simulate the operation of an OECT and study the spatial and temporal distribution of the charge carriers in the
OMIEC channel and the corresponding transfer curves of the OECT. The drain voltage is fixed at —0.1 V against the grounded source
electrode, and the gate voltage is swept from —0.5 V to 0.5 V with a periodicity of four seconds, as shown in Fig. 7(a). As discussed in
the previous subsection, doping of PEDOT: PSS takes less than one second, while the phase separation takes hours and even days to
complete. To illustrate the influence of phase separation on the electrochemical performance of an OMIEC channel within several
electrochemical doping cycles, the diffusivity of the polymer chains in the OMIEC is set to 5 x 1077 m?s~! in the remaining text
(Richards and Jones, 1999), which corresponds to a characteristic diffusion time of %2 = 72s in the thin film. Again, the film thickness
has been used as the characteristic diffusion length since the channel in OECTs is typically several orders of magnitude longer than its
thickness. All other parameters are listed in Tables 1-4.

We plot in Fig. 7(b) the contours of the local volume fraction of PEDOT ¢, the electrostatic potential V, the effective cation con-

centration & (Clh?’) , and the effective hole concentration %‘g’ at three selected states: t; — the initialized state, t; — the first doped state, and
ts — the 12th doped state. As mentioned earlier and shown in Fig. 4, the initially generated phase structure features small-scale two-
phase interfaces, which are highly unstable. At t;, the average value of ¢ is 0.35 with a nearly uniform phase distribution. At t4, large-
scale heterogeneous phase structure emerges, where the PEDOT phase preferentially aggregates near the drain electrode.

The distribution of the charge carriers is determined by the electrical field and the phase structure. With a negative gate voltage,
holes are injected from the source electrode to the PEDOT phase while cations are expelled from the PSS phase to the electrolyte, as
shown in the doped state in Fig. 7(b). At a positive gate voltage, holes are removed from the OMIEC, and cations are recovered. The
inhomogeneous phase structure influences the spatial distribution of the electrostatic potential and the concentration of the charge
carriers in the OMIEC. This is shown in the contour plots of the 12th doped state. In the PSS-rich region (smaller ¢), the presence of the
fixed charges reduces the local voltage. And cations are transported to the PSS-rich region driven by the electrical field. In the
meantime, the effective hole concentration is much higher at the two-phase interfaces than that in the PEDOT-rich domain because of
the low hole conductivity in the crystallized PEDOT domains (Tybrandt et al., 2017; Shi et al., 2015). The excessive number of holes at
the two-phase interface explains the origin of the so-called capacitive current in conjugated polymers (Volkov et al., 2017).

To reveal the effect of the phase evolution on the distribution of the field variables during the first 12 doping cycles, we select two
points in the channel to demonstrate the different trends of the local volume fraction of PEDOT, as shown in Fig. 8(a). At point A, the
volume fraction of PEDOT decreases. Therefore, the overall effective hole concentration Cy,¢ (dotted line) decreases over cycles, Fig. 8
(b). The overall effective cation concentration C.(1 —¢) (solid line) and the number of the fixed negative charge C~ (filled triangular
symbols) increase because of the growth of the PSS phase. The space charge Q (empty square symbols), or the net charge at point A,
remains vanishingly small for all the time. Therefore, the local electroneutrality is maintained, which agrees with the prediction by
Wang et al. (2009). Meanwhile, the decreasing amplitude of both hole and cation indicates the diminishing electrochemical activity
due to the phase segregation at this point. Likewise, the OMIEC domain at point B with an increasing amount of the PEDOT phase, in
which case it becomes pure PEDOT at the end of the 12th cycle, also loses electrochemical activity. On the one hand, as the volume
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Fig. 8. Electrochemistry of OECT during the first 12 ON/OFF cycles. (a) The volume fraction of PEDOT at two locations A and B of the channel. The
effective concentrations of cation C.(1 —¢) and hole C,¢, fixed negative charge C~, and overall space charge Q at points A (b) and B (c).
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fraction of PEDOT increases, the crystallinity in the PEDOT region may increase which retards the ionic diffusion and the electro-
chemical doping (Rebetez et al., 2022). This effect is represented in the diffusivities of cations and holes in Table 4. On the other hand,
the decreasing amount of PSS leads to decreased number of negative charges to balance the positive charges in the PEDOT chains in the
doped state. The slow diffusion and lack of charge-balancing species make doping of the PEDOT difficult. Therefore, the overall
effective concentration of holes also decreases in this PEDOT-rich phase, as shown in Fig. 8(c). Note that we have neglected the
diffusion of anions here which may additionally balance the positive charges in the PEDOT-rich domain. This effect should be rather
small, because anion diffusion through the PSS-rich regions surrounding the PEDOT-rich region is significantly retarded due to the
presence of negative fixed charges.

We now study the performance of an OECT by computing the drain current when sweeping the drain voltages and gate voltages.
When the OECT is “ON” at a negative gate voltage, the output current is controlled by the drain voltage. The scaling law for the I —Vp
transfer curves in OECTs is expressed as follows (Rivnay et al., 2018),

Ipocp” C*WThVD, (53)
where ;i is the carrier mobility, C" is the capacitance, w is the width, h is the thickness, and [ is the length of the channel.

In the experimental devices, the aspect ratios of the channel are significant with typical sizes of width w of millimeters, thickness h
of tens of nanometers, and length I of tens of micrometers. Such high aspect ratios are hardly affordable in finite element modeling. To
have a fair comparison between the experimental transfer curves and the modeling results, we apply a negative gate voltage —0.5 V
and set the same values of ", C*, w, and h in the experiments, but use a much smaller value of [ in the computational modeling.
Following the scaling relation in Eq. (53) between I and [, we scale the drain current in the small-sized models (I = 60nm, 120nm) and
present the results (solid line) against experimental data (dotted line, I = 20xm) in Fig. 9, in which the scaling factors 20ym /60nm and
20xm/120nm are used. The drain currents follow a monotonic relationship with respect to the drain voltage, which is in line with the
prediction of Eq. (53). A more negative drain voltage induces a larger current from the source electrode to the drain electrode. The
computational results for the OMIEC channel of the length of 60 nm and 120 nm compare reasonably well with the experiments,
despite using constant values of * and C* which are likely dependent on the doping state. It is also worth noting that the drain current
in the longer channel (I = 120nm) is larger at a given drain voltage, which is violating the scaling relation. This is due to the different
phase behaviors in the two models where the longer channel shows a less degree of phase segregation while the drain voltage is swept,
therefore, it has a higher conductivity than the shorter channel.

One of the most prominent features of OECTs is their ability to modulate the output current at the drain electrode using a small
input voltage at the gate. To switch the OECT between the “ON” and “OFF” states for current modulation, we apply an alternating gate
voltage from —0.5 to 0.5 V and a fixed drain voltage Vp = — 0.1V. The drain currents are plotted with solid lines in Fig. 9(b) against
the experimental data (dotted line). The model successfully captures the current modulation between the ON—OFF states of an OECT.
At negative gate voltages, the OMIEC is doped and the OECT is at the “ON” state which outputs a large current. Nevertheless, the drain
current is nearly saturated when the gate voltage is beyond —0.5 V. At positive gate voltages, the OMIEC is dedoped and the OECT is
turned off with a vanishingly small current. The logarithmic plot of the magnitude of the drain current in the inset of Fig. 9(b) reveals a
difference of about six orders of magnitude in the drain current from the “ON” to the “OFF” state of the OECT device.

4.3. Mechanics in an OECT

Mechanical swelling of OMIECs. Mechanical swelling of polymeric materials such as hydrogels is well studied, as discussed in the
Introduction section. Here, we focus on the influence of the electrochemical cycle and the resulting phase structure on the swelling
behavior of OMIECs.

When a dry polymer OMIEC is in contact with a liquid electrolyte, the solvent and salt diffuse into the OMIEC and the host swells
under entropic forces. The swelling is complete when the electrochemical potential of the mobile species, including the solvent and
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Fig. 9. (a) Ip — Vp transfer curves at the doped state of the OMIEC, and (b) I — V transfer curves of an OECT in the first doping and dedoping cycle

of different channel lengths. Inset in (b) is the logarithmic scale of the absolute value of (b).
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Fig. 10. Swelling of PEDOT:PSS in contact with electrolyte during the first 12 ON/OFF cycles. (a) The solvent concentration in the dry state, the first
doped state, and the 12th doped state in the deformed configuration. (b) Mean stress distribution in the deformed configuration at the 12th doped
state. Chemical potential, stress contribution to the chemical potential, and concentration of solvent in the PEDOT:PSS channel at point A (c) and
point B (d).

cations, reaches equilibrium across the solid-liquid interface. Using the parameters listed in Table 3, the model predicts a volumetric
strain of roughly 100% in PEDOT:PSS due to solvent absorption, as shown in Fig. 10(a). This agrees well with multiple experimental
observations (Savva et al., 2018; BieBmann et al., 2018; Modarresi et al., 2020).

We plot the mean stress distribution in Fig. 10(b) at the 12th doped state. The inhomogeneous phase structure (Fig. 7(b)) causes
non-uniform mean stresses across the channel because of the cation accumulation in the PSS-rich regions to balance the negative
charges. We select points A and B again and show the temporal profile of the field quantities of the solvent in Fig. 10(c, d) to examine
the influence of the electrochemical cycle on swelling. The chemical potential of the solvent in the electrolyte determined by Eq. (42) is
close to zero for a dilute electrolyte. During the initialization process before t;, the chemical potential of the solvent in the OMIEC
reaches equilibrium and remains nearly a constant afterwards. At a negative gate voltage, the cations are expelled during the doping
process (t; to t3). This reduces the amount of swelling and the resultant compressive stress as shown in the middle panel of Fig. 10(c)
and(d). The decreased stress contribution to the chemical potential of the solvent is then compensated by the increased entropic
contribution via solvent absorption, as reflected in the jump in the solvent concentration from t; to t; in the bottom panel of Fig. 10(c)
and (d). Upon dedoping, the entire process is reversed. When the cations are injected, the stress contribution to the chemical potential
increases and the solvent concentration decreases from t; to ts. Fig. S2 shows the swelling ratio of the PEDOT:PSS over the cycles. The
change in solvent and cation concentrations alters the swelling ratio of the channel OMEIC from 1.94 at the doped state to 1.97 at the
dedoped state, which is considerably smaller than the experimental measurement of poly(propylene dioxythiophene) (PProDOT)
polymers in various electrolytes (Wang et al., 2020a, 2020b), which is about 20%~30%. The difference is likely due to the much larger
size of the anions for charge-balancing in PProDOT films compared to the cation as the primary charge compensation carrier in PEDOT:
PSS. In addition, the potentially substantial solvation shells of the counterions that are associated with additional swelling of the
OMIEC are not accounted for in the current model.
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Fig. 11. Transfer curves of the OECT during 12 “ON—OFF” cycles at the (a) constrained state along the channel, (b) free expansion state, and (c)
stretched state along the channel direction.
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Fig. 12. Demonstration of the multiphysics coupling in an OECT device in the first ON/OFF cycle. Contour plots of the mean stress in the deformed
channel at the initialized state (a) and the first doped state (b) of the channel. (c) Comparison between the transfer curves in the fully coupled model
and without considering the electro-mechanical coupling or the stress-transport coupling.

We also study the swelling of OMIECs under stretched, free, and constrained states, since OECTs in bioelectronics are often subject
to mechanical deformation such as due to the stretch of a skin sensor. The OMIEC is pre-deformed by 100% in the channel direction at
the stretched state, and is fully constrained in the channel direction at the constrained state, while its vertical deformation toward the
electrolyte is unconstrained in both cases. We plot the solvent concentration and deformation in Fig. S3. As the device changes from the
stretched to the constrained state, the compressive stress increases, which, according to equation (42, 44), causes the decrease of the
solvent concentration in the OMIEC at the swelled state. At the constrained state, the OMIEC swells to roughly 100% in the thickness
direction. At the free state, the OMIEC swells up to 60% in both the thickness and channel directions. When it is stretched to two times
its original length, the swelling in the thickness direction is about 40%. Overall, the aspect ratio of the OMIEC domain is changed from
1 at the constrained state to 3 at the stretched state.

OECT performance. In addition to the swelling of the OMIEC, mechanical stresses and the phase structure largely impact the OECT
performance.

As discussed above, the material deformation due to an external load and swelling changes the aspect ratio of the OMIEC domain,
which in turn modulates the phase evolution and eventually the OECT performance. We plot the transfer curves of OECTs at the
stretched, free, and constrained states during 12 ON—OFF cycles in Fig. 11. The shape of the transfer curves is similar to those in Fig. 9
(b) but the peak current in the “ON” state changes. During the first few cycles, the phase parameter is almost uniform across the OMIEC
domain, and the peak current remains about the same. After five cycles in the constrained model and seven cycles in the free and
stretched models, the large-scale phase separation sets in, and the current starts to drop due to its influence on the conducting path. For
the constrained OECT, in-plane phase separation occurs and the PEDOT phase accumulates near the source and drain electrodes which
causes a high mobility of the phase parameter in the horizontal direction as shown in Fig. S3. As a result, PSS-rich regions emerge in the
middle of the channel and hinder the electronic conduction from the source to the drain electrode. Therefore, the drain current di-
minishes after the 12th cycle in Fig. 11(a) even at the negative gate voltage which would have turned the transistor on. For the free and
stretched OECTs, the mobility of the OMICE is more homogeneous and the complete phase separation has yet to occur, as shown in Fig.
S3. The longer channel length for free and stretched OECTs requires a longer time for the transport of carriers from the source to the
drain electrode and therefore the peak drain current is smaller than that in the constrained OECT.

OMIECs present a vivid example of multiphysics coupling at the interface between mechanics and electrochemistry. However, the
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extent and significance of the coupling terms need to be discussed in the context. For instance, we showed in an earlier experiment that
external pressure largely influences the doping kinetics of PProDOT in solid-state electrochromic devices (Wang et al., 2022). In the
following, we explore the significance of the electromechanical coupling and the stress-transport coupling in OECTs. According to Eq.
(41), the electromechanical coupling ¢ — E is manifested by the Maxwell stress. And the stress-transport coupling is represented by
omVm in the chemical potential of the mobile species, as shown in Eq. (44). By eliminating the Maxwell stress and the o,,,v,, term in the
chemical potential of the mobile species, we compare the mechanical and the electrochemical responses in Fig. 12. The compressive
stresses in the OMIEC lift the chemical potential of the solvents and cations. Therefore, the solvent and cation concentrations in the
OMIEC are lower with the stress-transport (¢ — 4,,,) coupling, as indicated by the swelling ratio in Fig. 12(a) and (b). At the initialized
state, the mean compressive stress is highest for the model without 6 — y,,, coupling due to the high swelling ratio. At the first doped
state when the cations are expelled to the electrolyte, the swelling ratio slightly decreases and elastic unloading occurs, which reduces
the stress level as shown in Fig. 12(b). The model without considering the stress-transport coupling shows a relatively smaller mean
compressive stress field due to the extensive elastic unloading primarily by the solvent concentration change in the channel. The
inhomogeneous stress profile in Fig. 12(b) is correlated to its phase distribution. When the stress-transport coupling is turned off, the
solvent transport is only driven by the entropy and enthalpy of mixing within the channel and its distribution is homogeneous.
Therefore, the PSS-rich regions experience larger compressive stress due to the cation accumulation. As for the transfer curves of the
OECT, the model without ¢ — y,,, coupling shows a higher peak current at the ON state. Notably, the model without the Maxwell stress
shows little difference in both the mechanical and electrochemical responses from the fully coupled model. Therefore, the Maxwell
stress can be eliminated in future models without sacrificing the accuracy of the predicted mechanical and electrochemical perfor-
mance of the OECT.

5. Conclusions

In this work, we formulate a continuum theory of organic mixed ionic-electronic conductors of phase separation following the
framework considering the thermodynamics laws, mass conservation, and the electrostatic field. We implement the theory into a finite
element model and study the mechanics and the electrochemistry of the OMIEC in an organic electrochemical transistor. The
computational modeling successfully captures several experimental observations such as the phase separation, mechanical swelling,
conductivity variation, and capacitive current in a representative two-phase OMIEC. The model also replicates the transfer curves of an
organic electrochemical transistor and predicts the failure of the device upon large-scale phase separation. We show that the defor-
mation of the OMIEC influences phase evolution and leads to different phase behaviors and electrochemical performances in con-
strained/free/stretched OECTs. We also evaluate the extent of the electromechanical coupling and the stress-transport interaction in an
OECT and show that the Maxwell stress is negligible. This work provides a theoretical basis for understanding the mechanics and
electrochemistry of the current state-of-the-art two-phase OMIECs.
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Appendix A

In this Appendix we show the detailed derivation for Eq. (16). We will evaluate each of the variation terms in Eq. (15) and simplify
the terms related to the four types of works. First, the terms related to mechanical work are evaluated. From Egs. (6) and (9), one has

Fily = FuF Fp5, (A1)
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Combining Eqs. (14), (A3), and (A4), the terms related to mechanical energy in Eq. (15) reads the following.
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For the terms related to all mobile species,
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Combining Egs. (14), (A6), and (10b), the terms related to the energies of all mobile species in Eq. (15) reads the following.
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For the terms related to the electrical field, one obtains the following using Eqs. (12) and (13),
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Combining Eqs. (14), (A8) and (10b), the terms related to the energy of the electrostatic field in Eq. (15) reads the following.
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The variation of the energy for the two-phase interface is
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Combining Egs. (14) and (A10), the terms related to the energy of the two-phase interface in Eq. (15) reads the following.
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Combining equations (A5, A7, A9, Al11) and (15), we obtain equation (16).

(A10)

Appendix B

In this Appendix, we derive the stress expression in Eq. (41) using Eqs. (17), (31), (40). First, we examine the contribution of elastic
deformation to stress.
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The Maxwell stress is evaluated in the following.
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Appendix C

In this Appendix, we summarize the governing equations of the theory for describing the mechanical response, mass/charge
transport, and electrostatics in the OECT model, as well as the initial and boundary conditions in the numerical modeling. The system
consists of the OMIEC (volume Qowmec enclosed by surface Somiec) and a liquid electrolyte (volume Qjiquiq enclosed by surface Siiquia)-

The mechanics equations solve the displacement field X via the linear momentum balance equation:

oP;
aXlK + B,‘ = 07 in QOMIEC (C].a)

K
T; +NK(PiK)+ — Ng(Pix)” =0, in Somic (C1b)

where
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0x; 1 -C gl

Fie = 550 = Firkalax: (C2b)
Cxr = FixFy, (C20)
FC, = A5/ (c2d)
det (FO) =A=1+) C"". (C2e)

G represents the shear modulus, 1 Lamé parameter, ¢ the dielectric constant, v" the volume of the mobile species m. The summation
in Eq. (C2e) is over all the mobile ions and solvent in the solid. The initial and boundary conditions for the displacement in the model
are prescribed in Fig. 3.

The yield condition and the plastic flow rule are the following.

3
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The governing equations for transport of the mobile species solve the concentration field C*, C°, C*, and C":
s Oy (X,t
C + U (X,1) =0, in Qomec U Qiiquias (C4a)
0Xx
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Specifically, we prescribed the following boundary and initial conditions in the model as shown in Fig. 3.

) 1 . 1 ) 1
C'=—, C°=—, C*=—, at the gate electrode,
VS VL vd

C" = CM° at the drain electrode, C" = C" at the source electrode,

W) =), )" =), in Somec N Siquid,

Ng [Ty (X, t)}i = Nx [V (X, t)}i = Nk [J3(X,1)] = Ny [Jr (X, t)]ir = 0 on remaining boundaries,
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. 1 1 . 1 .
C=— C=— C'=— inQq att=0, (C8e)
Vs Ve Vi
C = Csini[’ Cc = Ccinil’ Ch — Chinit7 in QOMIEC att=0. (C8f)

The governing equations for the electrical field solve the electrostatic potential V:

0Dk (X, 1)

Xx = 0(X,1), in Qomrc U Qiiquia (C9a)

Ne[Dx(X,0)]" = Nx[Dx(X,1)]” = Fj' (X, 1)8t, in Sommec U Shquia (C9b)
where

Ex = %z = —;7‘;, (C10a)

D; = €¢E;. (C10Db)

Specifically, we prescribed the following boundary and initial conditions in the model as shown in Fig. 3.

V =0 at the source electrode, (Cl1a)
V = Vi shown in Figure 7(a) at the gate electrode, (C11b)
V = —0.1V at the drain electrode, (Cllc)
V=0atr=0. (C11d)

The governing equations for the phase field solve the phase parameter ¢:

. oI(X
¢ + M = 07 in QOMIEC (C12a)
Xk
Nk [J}?(X, t)r — Nk [qué(xv t)]_ :j¢(X7 1), in Somec (C12b)
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d
) ct'D? __out .
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Specifically, we prescribed the following boundary and initial conditions in the model as shown in Fig. 3.
¢ = random(X,, X), (C13a)
Ng [J,'g(X , t)} *—0on remaining boundaries, (C13b)

where the random function has two variables (X;,Xz2).
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