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Organic mixed conductors (OMCs) represent a promising class of materials for applications in bioelectronics,
physical computing, and thermoelectrics. Rather unparalleled, OMCs feature dynamics spanning multiple
length and timescales, involving an intricate coupling between electronic, ionic, and mass transport. These
characteristics set them notably apart from traditional semiconductors and hinder the description by conventional
semiconductor theory. In this work, we approach the charge carrier modulation of OMCs using statistical me-
chanics. We discuss OMCs from a thermodynamic perspective and contrast them with established semiconductor
materials, highlighting key differences in their collective charge carrier dynamics. This motivates our description
of OMC:s as a lattice gas, which we analyze within the grand canonical ensemble. The model exhibits a first-order
phase transition analogous to a classical vapor-liquid transition, governed by temperature and chemical potential.
In doing so, it captures the formation of distinct low- and high-density carrier phases, consistent with recently
reported experimental observations. It also illustrates how metastability near the phase boundary can give rise to
history-dependent characteristics in device operation, a similarly well-reported effect in OMC transistors. This
work is intended as a simple motivation for studying OMCs through the lens of statistical mechanics, offering a
more natural description than traditional semiconductor models developed for materials of fundamentally distinct

character.
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I. INTRODUCTION

Organic mixed conductors (OMCs)—semiconducting
polymers that allow for both ion and electron transport—
represent a novel class of electronic materials, distinct from
conventional inorganic systems like silicon [1]. While tra-
ditional semiconductors are generally operated (switched
between conductive and nonconductive states) using the field
effect, OMCs are controlled electrochemically. In this mode,
the dynamic introduction and retrieval of dopants into the
semiconductor become a central part of device operation, as
opposed to the singular introduction of dopants during fabri-
cation in legacy systems.

While OMC technology is still in its infancy and fun-
damental research stage, it is beginning to crystallize as
a promising candidate to complement application layers
inaccessible to silicon et al. These include, in particu-
lar, bioelectronics such as neural interfaces and bioinspired
computing [2]. The archetypal OMC device is the organic
electrochemical transistor (OECT) [3]. In this device architec-
ture, the semiconductor channel is coupled to a gate electrode
via an electrolyte. The electrolyte acts as an ion reservoir, do-
nating dopants into the polymer semiconductor mesh, where
they compensate the (n- or p-type) electronic charge carriers
hosted within the OMC’s 7 system. As in conventional tran-
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sistor devices, source and drain contacts probe the channel
conductivity in terms of a drain current, with the key differ-
ence that carriers are driven throughout the entire volume of
the channel rather than being confined to the surface. We want
to stress that OMCs represent one of the most diverse mate-
rials classes developed to date, where minor modifications in
the molecular structure or material processing can manifest
in profound differences on the microscale (e.g., morphology,
carrier mobility, mass and charge capacity) [4]. We here take
a holistic view on OMCs, intentionally abstracting away from
microscopic details to focus on the general characteristics
of charge carrier dynamics. We thus consider generalized
model systems of both siliconlike and carbon-based polymer
semiconductors. This viewpoint already allows us to iden-
tify several key distinctions between the physics governing
each.

Most notably, OMC operation features extremely high
charge carrier densities (~10%°-10>' cm™3), orders of mag-
nitude beyond what is typical in inorganic semiconductors
and approaching a 1:1 population of electronic charges on
the molecular hosting sites [5-7]. Due to the disordered
morphology, charge transport is often of a hopping nature
rather than bandlike [8—10]. As carbon-based systems, OMCs
also feature low dielectric constants [11,12], which am-
plify both Coulomb and higher-order multipole interactions.
While the electrolytic environment partially screens long-
range Coulomb interactions (Debye screening), short-range
correlations remain significant. A simple order-of-magnitude
estimate using archetypal material parameters (Appendix A)
suggests that carrier—carrier coupling in OMCs exceeds that
in silicon-based systems by several kg7, across the en-
tire regime of relevant carrier densities (10'°-10" cm™3
for silicon; 10'8-10?! cm™3 for OMCs). This has important
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consequences for charge carrier dynamics, causing deviations
from standard frameworks such as Miller—Abrahams hopping
transport [13].

Here, we focus on the charge carrier density and its mod-
ulation by an external bias, while leaving the incorporation
of transport phenomena for a follow-up publication. Several
works have shown the impact of particle interactions in OMC
operation, such as electron—electron [7,14], electron—phonon
[15], and electron—dopant modes [7,16,17]. Collectively, these
give rise to a dynamic density of states that evolves with the
carrier density itself and contribute to a heterogeneous doping
process. They reveal an intricate configurational landscape
involving the coupling between electronic charge carriers,
mobile ionic dopants, molecular vibrations, and morphol-
ogy. Two recent reports on an established OMC serve as
an illustrative case study: Wu et al. provided direct experi-
mental evidence that an electrochemically doped OMC forms
~10 nm domains of distinct electronic character [18], whose
growth is consistent with Model-B-type coarsening [19]. This
nonequilibrium phase separation is tied to a strong coupling
between carrier populations and structural rearrangements,
linking it to Cahn-Hilliard-like dynamics at the mesoscale
[20]. Using the same OMC with a strongly interacting elec-
trolyte, Bongartz et al. demonstrated OECTs with persistent
hysteresis on experimental timescales, thermodynamically as-
cribed to a phase separation into domains of high and low
doping degree [21].

These observations converge on a common underly-
ing theme: a nonuniform stabilization of charge carriers,
which suggests a connection to our coupling estimates in
Appendix A. In inorganic semiconductors like silicon, charge
carriers remain strongly delocalized, weakly interacting, and
efficiently screened by fast electronic polarization, which
suppresses correlation effects. This leads to the well-known
description as a quasi-free-electron gas governed by effective-
mass physics. In polymer semiconductors, the situation is
fundamentally different: while mobile ions in the elec-
trolytic environment effectively screen long-range Coulomb
repulsion, strong electron—phonon coupling leads to polaron
formation and lattice-mediated attractive interactions that are
not present in conventional semiconductors. Combined with
near-unity site occupations at high doping levels, configura-
tional entropy becomes central to the carrier distribution. This
regime lies outside the scope of traditional semiconductor
theory, which takes the weakly interacting electron gas as its
foundation.

Herein, we take the carrier gas picture at face value. Us-
ing statistical mechanics, we treat the population of charge
carriers within the grand canonical ensemble of a lattice
gas, which naturally accommodates collective and critical
phenomena. Two driving forces, the energetic interactions
between carriers and configurational entropy, compete in con-
trolling the degree of carrier aggregation. The emergence
of phase-separated domains and hysteretic bistability can
then be understood in analogy to a collective vapor—liquid
phase transition. We proceed as follows: We first review the
lattice gas in terms of its microscopic states and interac-
tions before exploring its equilibrium and dynamical behavior
through Monte Carlo simulations. Using mean-field analysis,
we formalize the grand canonical probability distribution and

close by connecting this statistical picture to experimental
observables in transistor operation.

II. MAIN

A. The lattice gas model

Distributing charge carriers across the available sites in an
OMC gives rise to a vast number of possible configurations,
known as microstates. Meanwhile, device operation probes
macroscopic properties, such as the total channel conductivity
or impedance, which represent ensemble averages over this
microscopic landscape. This separation of scales motivates
a statistical treatment of the system’s equilibrium properties.
We focus on the subsystem responsible for the drain current:
localized electronic charge carriers strongly coupled to local
lattice distortions. This subsystem can be effectively decou-
pled from the bulk material by a separation of timescales
between mobile carriers and large-scale structural rearrange-
ments. We thus treat the molecular backbone as a quasistatic
grid of sites hosting the carrier population. Coarse graining
into a lattice, each site represents a mesoscopic region of
the polymer, for which we here consider a binary occupation
encoded by n; € {0, 1}. This picture maps onto a lattice-gas
model, mathematically equivalent to the Ising model, which
we use as a deliberately simple toy framework to isolate and
study the role of carrier—carrier interactions.

Charge carriers in conjugated polymers are not free elec-
trons but quasi-particles often referred to as polarons, where
the electronic charge is strongly coupled to local, fast vi-
brations of the molecular lattice [22]. Rather than being
pointlike, the electronic charge is delocalized over several re-
peat units (intra- and interchain), which reduces the Coulomb
self-energy and can lead to sizable dipole moments and polar-
izability. In coupling to the lattice relaxation, it deepens the
associated potential well and, for sufficiently strong electron—
phonon coupling, can make it energetically favorable for
a second carrier to occupy the same region. As estimated
in Appendix A, these cooperative, short-range effects can
outweigh the residual like-charge repulsion, motivating our
central assumption of a net effective attraction between charge
carriers. This energetic stabilization is analogous, in spirit, to
the attractive part of intermolecular potentials (e.g., Lennard-
Jones) that drives the condensation of classical fluids from a
vapor. We stress that the heterogeneous environment in OMCs
implies that polaronic carriers are not identical but exhibit a
distribution in spatial extent, energy, and coupling strength.
This notion may be captured by the concept of “weighted
polarons”, which we neglect here for simplicity.

In operation, an OMC is not an isolated system; it is in
contact with a thermal environment (the heat bath) and a
reservoir of dopant ions (the electrolyte). By the separation
of timescales, the number of molecular host sites constitutes
a constant effective volume (V') for the electronic subsystem.
The exchange of energy with the heat bath is governed by the
temperature (7'), while the exchange of particles (charge car-
riers) with the reservoir is governed by the chemical potential
(w). This perspective, allowing for particle exchange within a
fixed effective volume, naturally leads to the grand canonical
ensemble. For a microstate X with N(X) = ), n; carriers, the
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FIG. 1. Phase diagram of the lattice gas model obtained from the mean-field grand potential (Sec. II C) as a function of temperature T
and chemical potential p (/ = 1.0). At high temperatures, p varies smoothly with u (supercritical regime); below the critical temperature, a

first-order transition occurs at (.

—J, separating a low-density “vapor” phase (free carriers) from a high-density “liquid” phase (correlated

carriers). Dashed lines indicate the mean-field critical temperature TM' = J/2 = 0.5 and, for comparison, the exact critical temperatures of
the 2D square-lattice Ising model (TC2D ~ (.284) [25] and the 3D simple cubic Ising model (Tr3D ~ (0.376) [26]. Side panels show Monte Carlo

snapshots of the 2D lattice at the indicated (7', ) values.

probability follows the Boltzmann distribution:

EX) — uNX ))

kgT ’
where E(X) is the internal energy of the microstate and
N(X) = }_;n; is the total number of carriers. For simplicity,
we set kg = 1| henceforth. E(X) is defined by the Hamiltonian
for our lattice gas:

P[X] o exp (— (D

H[X]=—Jo Y nin;, )
(i,J)

where Jy > 0 is the microscopic attractive interaction energy
between nearest-neighbor carriers motivated previously. We
interpret p as a fixed reservoir parameter (control parameter)
and will later connect it to the electrochemical potential in
device operation.

While the probability of a single microstate may be known,
the probability of an observable macrostate (e.g., one with a
specific carrier density p = N/V') must also account for its
degeneracy, that is, the total number of microstates, €2, that
may realize it. The probability of such a macrostate is propor-
tional to the Boltzmann factor weighted by this degeneracy:
P (macrostate) o« Q e~ E=#N)/T This degeneracy is quantified
by the configurational entropy, S = In 2. Substituting into the
probability expression reveals the central role of the thermo-
dynamic potential:

—(E—pN)/T _ ,=9/T 3)
where the grand potential is definedas ® = E — TS — uN =
F — uN, with F = E — TS being the Helmholtz free energy.
The system’s equilibrium state is the one that maximizes this
probability, i.e., which minimizes ®. This setup represents the

P (macrostate) o Se

fundamental thermodynamic balance between the energetic
drive for “organization” (minimizing E), the entropic drive
for “chaos” (maximizing §), and the coupling to the particle
reservoir (—uN).

B. Monte Carlo simulation

We investigate this model using Markov chain Monte Carlo
(MCMC) simulations based on Metropolis acceptance [23],
sampling from the grand canonical ensemble. The algorithm
(Algorithm 1) repeatedly attempts to change the state of a
randomly selected lattice site. A proposed flip (e.g., creating
a carrier at an empty site) results in a change in the system’s

ALGORITHM 1. Grand-canonical MCMC.

Require: L, T, u, Jy, Nyw
1: Initialize {n;} with n; ~ Bernoulli(py)
2:for s = 1 to N, do

3: fork=1toL?do

4: Pick site i uniformly at random

5: hi < 3 a1y {neighbor count}
6: AN <1 —2n;

7: AE < —Jy AN h;

8: AH < AE — u AN {A(E — uN)}
9: Pyc < min(1, e 28/T)

10: if U ~ Uniform(0, 1) < P, then
11: n < 1—mn;

12: end if
13:  end for
14: end for
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FIG. 2. Dynamical phase diagram showing the average carrier density (o) as a function of Monte Carlo time ¢ and chemical potential p
at fixed temperature T = 0.8 (J = 1.0, py = 0, averaged over 10* realizations). The dashed line marks (o) = 0.5, indicating the dynamical
phase boundary. Inset: the (p) = 0.5 contour for temperatures 7 = 0.2 (blue) to 7 = 1.0 (yellow), showing that metastable states become

increasingly long-lived at lower temperatures.

energy and particle number, AE and AN. The move is ac-
cepted with probability Pyecepr = min(1, e (AE=HAN/T) " thyg
satisfying detailed balance with respect to the grand canonical
distribution and ensuring that the simulation converges to the
system’s equilibrium state at fixed u and 7. We provide a
simulation tool under [24].

The equilibrium phase structure of this model is summa-
rized in Fig. 1, which shows the mean-field phase diagram
obtained from the analysis of Sec. IIC, with Monte Carlo
snapshots at representative points. The diagram reveals two
distinct regimes. At high temperatures, the carrier density
changes smoothly and continuously with p, analogous to
a supercritical fluid. At low temperatures, a discontinuous
jump appears in the density at a critical chemical potential
e = —J (Appendix B). This is a first-order phase transition,
separating a low-density vapor phase of largely independent
carriers from a high-density liquid phase of correlated, sta-
bilized carriers. Near this phase transition line, the system
exhibits metastability; if parameters are changed such that a
new phase becomes favorable, the system can remain trapped
in the previous macrostate for an extended period of time, as
an energy barrier for nucleation of the new phase must be
overcome.

The simulations use a nearest-neighbor coupling Jy =
0.5, corresponding to a mean-field coupling J = zJy/2 = 1.0
for coordination number z = 4. The mean-field prediction
TMF = J/2 = 0.5 overestimates the exact critical tempera-
ture, a well-known feature of mean field in low dimensions
that reflects the neglect of fluctuations. For the 2D square-
lattice Ising model, to which our lattice gas is equivalent,
Onsager’s exact result [25] gives T2° = Jy/(2 In(1 + +/2)) ~
0.284, which our Monte Carlo implementation reproduces.
The discrepancy between mean field and the exact result
shrinks with increasing dimensionality: For the 3D simple
cubic lattice [26], TC3D ~ (.376, already within a factor ~1.33
of the mean-field value. An order-of-magnitude mapping
to physical temperature can be obtained from the coupling

estimates in Appendix A: the net attractive interaction |Eeg| &
70-85 meV for polymer semiconductors suggests Jo ~ 3 kgT
at T = 300K, placing room-temperature operation well be-
low T, for strongly coupled OMC systems.

We show a dynamical phase diagram at fixed temperature
in Fig. 2. The system is initialized in an empty state (poy = 0),
and independent simulations are performed at different values
of the chemical potential u, each evolving at fixed thermody-
namic parameters. The color map shows the average density
(p) as a function of Monte Carlo time ¢ and chemical potential
(. The dashed line marks the dynamical phase boundary at
(p) = 0.5. At short times, this boundary is displaced from the
equilibrium value p, = —J; the system remains in its initial
low-density state for an extended period before crossing over
to high density. As + — oo, the boundary converges to (.,
recovering the equilibrium prediction. The inset shows how
this convergence slows as the temperature is lowered, with
the lowest temperatures (T < T.) exhibiting metastable states
separated by a nucleation barrier.

We note that the specific shape of the dynamical boundary
depends on the choice of sampling algorithm. This toy model
uses Metropolis acceptance, where each Monte Carlo sweep
can be interpreted as a Poisson process with transition rates
set by the acceptance probability (line 9 of Algorithm 1). An
alternative is Kawasaki dynamics, where pairs of neighbor-
ing sites exchange occupation rather than flip individually,
conserving total particle number and mimicking diffusive

hopping.

C. Mean-field analysis

The regular square lattice in our simulation represents a
significant idealization. Real OMCs are high-entropy materi-
als whose long-chain polymers possess vast conformational
degrees of freedom, resulting in substantial structural hetero-
geneity. While OMC microstructures can comprise mixtures
of (semi)crystalline and amorphous regions, a coarse-grained
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model can describe the collective system properties through
the average interaction experienced by carriers rather than
through specific local geometric arrangements. To this end,
we relax all geometrical constraints by adopting a mean-field
approximation, effectively treating the system as a fully con-
nected network. We note that this approximation is better
justified for the disordered three-dimensional OMC films of
practical interest than for the two-dimensional square lattice
used in our simulations: mean field becomes exact in the limit
of large coordination number, and real OMCs combine higher
dimensionality with substantial structural disorder.

The interaction energy of a given state depends only on the
total number of carriers, N (X ), not their specific arrangement.
For a system with V total sites, this leads to the coarse-grained
interaction energy

J
EX)= ‘VN(X)Z’ 4

where J is the effective mean-field coupling that encapsulates
the underlying microscopic interactions (Appendix B). Sub-
stituting this expression into the grand canonical Boltzmann
distribution gives

P[X] o exp (TJ—VN(X)2 + %N(X)). )

This formulation connects the probability of a single mi-
crostate to its macroscopic density p(X) = N(X)/V. To find
the probability of observing a macrostate with a given den-
sity p, we must multiply by the number of ways to arrange
N = pV carriers on V sites. This combinatorial factor gives
rise to the system’s entropy. A standard derivation using Stir-
ling’s approximation (Appendix C) allows us to write the
probability distribution for the density p as

Jp? + pup

P[p] x exp (V|: T

—(pInp + (I1—-p)In(l — p))D-

(6)

For a large system (V > 1), the probability distribution is
sharply peaked around the density p* that maximizes the
term in the exponent. We can identify this exponent (per unit
volume) as —¢r ,(p)/T, where

o1 () = f(p)— np @)

is the mean-field grand potential density, with
f(p)=—=Jp*+Tlplnp+(1—p)In(1—p)] (@8

being the Helmholtz free energy density. The relationship
between the probability and the grand potential landscape is
visualized in Fig. 3. The peaks in the probability distribution
P[p] correspond to minima in the grand potential density
¢r..(p), which represent stable or metastable equilibrium
states. At a temperature below the critical point, the landscape
is non-convex and exhibits two minima corresponding to low-
and high-density phases. The chemical potential controls the
relative depth of these minima: for u < w., the low-density
state is globally stable; for u > u., the high-density state is
favored; at u = ., both minima have equal depth (coexis-
tence). As pu crosses [, the global minimum of the grand
potential jumps discontinuously from the low-density to the

high-density state. This jump is the mathematical signature of
a first-order phase transition.

D. Connection to device operation

In the lattice-gas description above, the charge carrier pop-
ulation is controlled by the chemical potential u that appears
in the grand-canonical Boltzmann weight of Eq. (1). In the
mean-field analysis, this u enters Eq. (6) as an abstract control
parameter that tilts the grand-potential landscape ¢, (o) and
thereby selects the most probable carrier density. Sweeping 1
along the u axis of the phase diagram is equivalent to moving
the system across the vapor-liquid phase boundary.

In device operation, this control parameter is set by the
electrochemical environment provided by the electrolyte and
gate. The electrolyte acts as a reservoir of ions that can
exchange charge with the polymer channel, while the gate
electrode controls the electrostatic potential of this reservoir
relative to the channel. The electrochemical potential of a
charge carrier of charge ¢q is

Hec = Mchem + 4P, &)

where [ichem 1S the chemical contribution and ¢ is the local
electrostatic potential. The reservoir (electrolyte plus gate) is
characterized by a fixed electrochemical potential, [4reservoirs
and at equilibrium, the electrochemical potential in the chan-
nel must match that of the reservoir. Solving for the channel
chemical potential that enters the lattice-gas weight gives

Meff = Mreservoir — q¢ch~ (10)

Only a fraction of the applied gate voltage drops across the
channel and couples to the hosting sites, which we capture
by a coupling factor 0 <y < 1. At a local channel po-
tential V., (x), we approximate the electrostatic potential as
¢ ~ y (Vg — Ven), so the effective chemical potential entering
the grand-canonical weight becomes

/Leff(VGa Vch) = Mreservoir — ¥V q(VG - Vch)7 (11)

where y = 1 corresponds to ideal coupling and y < 1 ac-
counts for partial screening and voltage division across gate,
electrolyte, and channel. In the small-drain-bias limit where
Ven & 0, this reduces to the simpler form pies X [reservoir —
vqVs, making explicit that sweeping Vi is equivalent to
sweeping the control parameter u in Eq. (6).

In the mean-field lattice gas, the occupation p of a site
with local effective chemical potential p g obeys the self-
consistency condition (Appendix D)

1

p= 1+ exp [——zm}rue“‘]’

12)

where J is again the effective mean-field interaction strength
and T is the dimensionless temperature. Combining Egs. (11)
and (12) gives the local occupation p(Vg, Vo) along the chan-
nel for a given gate and drain bias.

Equation (12) determines the equilibrium occupation at
fixed g but does not describe the system’s transient response
during a gate-voltage sweep. To capture this, we supplement
the mean-field description with relaxational dynamics for
the carrier density. In the grand canonical ensemble, carriers
are exchanged with the electrolyte reservoir and their total
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FIG. 3. Interplay of probability and grand potential in the mean-field model (/ = 1.0). Top: Probability density p[p] as a function of carrier
density p. Bottom: The corresponding grand potential landscape, ¢, (p) (shifted vertically for clarity). The peaks in probability correspond
directly to the minima in the grand potential. As the chemical potential u increases, the most probable state (global minimum) shifts from a
low-density “vapor” phase (blue) to a high-density “liquid” phase (green), passing through a coexistence point where both phases are equally
probable (orange). Insets show representative simulation snapshots for each regime.

number is not conserved, which motivates a nonconserved
relaxation governed by the ordinary differential equation
td_,o =—% =2J,0—T1n<
dt ap
where 7 is a phenomenological relaxation timescale. At steady
state (dp/dr = 0), this recovers the self-consistency condition
Eq. (12). Equation (13) is the deterministic, mean-field coun-
terpart of the stochastic Monte Carlo dynamics illustrated in
Fig. 2: both describe nonconserved relaxation of the carrier
density, with metastability escape governed by the spinodal
limit in the deterministic case and by thermal nucleation in
the stochastic case.

To connect this statistical picture to the drain current, we
consider a channel of width W, thickness ¢, and length L
biased by a drain voltage Vp. The drain voltage imposes a
potential drop V¢, (x) € [0, Vp] along the channel, so that g
and p become position dependent. With carrier mobility (i
and a density of available sites np,x, the local conductivity is

O’(Vg, Vch) = g K Pmax P(ch Vch)» (14)

where the linear dependence on p is a mean-field approxima-
tion that neglects spatial correlations such as percolation. Its

P
1 ) + [Leffs (13)
—p

validity is examined numerically for the 2D lattice used in our
simulations in Appendix E.

In the steady state, the drain current I is constant along
the channel. Neglecting diffusion and considering only drift
transport, the current obeys

dv,
Ip = —0(Vo, V) Wit d;‘“. (15)

Eliminating the spatial coordinate x in favour of the channel
potential Vi, € [0, Vp] and integrating yields

Vb
I (Ve Vi) = —Go / pVo V) Ve, (16)
0
where
Wi
Go = q e n[r4na (17)

collects the geometric and kinetic prefactors (Appendix F).
Together, Egs. (6), (11), (13), and (16) provide a link be-
tween the grand-canonical description and the measured
drain current as a function of gate and drain bias. In the
non-interacting limit (J/ = 0), Eq. (16) reduces to a closed
expression for Ip(Vg, Vp) obtained by analytic integration of
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FIG. 4. Predicted transfer characteristics from the lattice-gas
model: Drain current I, versus gate voltage Vi at Vp = 0.1V for
several reduced temperatures 7. Above the critical temperature
(T =0.7,1.0), the response is smooth; below (T = 0.2, 0.4), the
finite-rate gate-voltage sweep produces hysteresis loops (arrows
indicate sweep direction). The loops are computed from Eq. (13) by
sweeping V; forward and backward and evaluating the drain current
via Eq. (16) at each step. Parameters: J = 1.0, Ureservoir = —1.0,
y=10, W=50wm, L=100um, ¢=100nm,

I x 102 em™3, py = 1em?V—'s71,

Nmax =

the logistic occupation (Appendix G). In the small-drain limit,
Vp — 0, the channel potential is nearly uniform and
o(Vg, Ven) = p(Vg, 0), so Eq. (16) simplifies to

Ip(Vs, Vp) = —=Go p(Vs, 0) Vp. (18)

Figure 4 shows the resulting drain current Ip as a function of
Vi at fixed Vp, assuming typical material and device param-
eters. Above the critical temperature, the response is smooth
and reversible, whereas below, the first-order phase transition
gives rise to hysteretic switching. When the gate voltage is
swept at a finite rate, the relaxation dynamics of Eq. (13)
keep the system on its current metastable branch until the
spinodal is reached and the local minimum of ¢(p) vanishes,
at which point it transitions to the opposite branch. This pro-
duces distinct forward and backward traces. The hysteresis
width also depends on the ratio of sweep rate to relaxation rate
T: faster sweeps produce wider loops, consistent with sweep-
rate-dependent hysteresis commonly observed in OECTs [27].

We note that the fundamental control parameter for the
metastability is not temperature alone, but the ratio J/T,
which encapsulates the balance between energetic and en-
tropic contributions. This is consistent with experimental
reports. For example, Ji er al. reported that OECTs treated
with a hydrophobic agent exhibit an increased hysteresis
width. In our framework, this treatment enhances coupling by
repelling the aqueous solvent, thereby increasing the effec-
tive J [28]. Complementary to this, Bongartz et al. reported
the inverse trend of shrinking hysteresis with rising temper-
ature [21]. In general, these phenomena are characteristic of
OECT systems engineered to be in a strong-coupling regime,
such as those employing ionic liquids and modified OMC
composition, where the ratio J/T is significant.

III. CONCLUSION

We have presented a minimal statistical-mechanics frame-
work based on a lattice gas that describes the quasisteady
state of OMC:s in the high charge density regime. Our results
demonstrate that phenomena such as phase separation and
hysteretic bistability can be understood in analogy to a collec-
tive vapor-liquid phase transition, driven by the competition
between interaction energy and configurational entropy. The
direct connection between gate-voltage sweeps and trajecto-
ries through the thermodynamic phase diagram provides a
natural interpretation of the nontrivial transfer characteristics
observed in devices operating in a strong-coupling regime.
While this model is a strong simplification of the intricate
molecular and electronic landscape of real OMC:s, its ability
to capture the essential features of a phase transition illustrates
the principle of universality: near a critical point, the qualita-
tive macroscopic behavior is governed chiefly by symmetries,
dimensionality, and conservation laws rather than microscopic
detail.

We close by noting that our mean-field treatment as-
sumes local equilibrium at each point in the channel. A more
complete description of spatial inhomogeneities, such as the
nanoscale domains observed by Wu et al. [18], would re-
quire a Landau—Ginzburg formulation with a gradient term
penalizing spatial variations in density. The resulting Cahn—
Hilliard dynamics would describe domain coarsening and
interface evolution, building naturally on the free energy
landscape established here. More broadly, our work suggests
that refined descriptions incorporating drift-diffusion trans-
port and explicit spatial structure can be built on the same
statistical-mechanical backbone, with J serving as a meso-
scopic parameter encapsulating the net effect of underlying
microscopic interactions. We aim to pursue these extensions
in future work.
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APPENDIX A: ESTIMATE OF CORRELATION ENERGIES

We perform a simple estimate of the charge carrier in-
teractions in inorganic (silicon) and carbon-based polymer
semiconductors. We consider the systems in terms of their
three-dimensional charge carrier density n with the average
carrier spacing as

rn

wl—

(AL)

Charge carriers in OMCs are not pointlike but pos-
sess molecular and polaronic character, residing within an
ionic environment. We attempt a rough estimate of the ef-
fective carrier—carrier interaction by considering (screened)
Coulomb repulsion (E¢) on the one hand, and stabilization
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TABLE I. Order-of-magnitude estimate of charge carrier interactions in silicon and polymer semiconductors (7" = 300 K).

nlem™3] r [nm] Ec [meV] E4q [meV] Eing [meV] Eyo [meV] Ei; [meV] r
Si (efi ~ 12, hiwy =60meV, p=0D, 0 =5 A3, g=0.1,n=1.0)

106 46.4 2.59 0.00 0.00 —0.6 1.99 0.08
10'8 10.0 12.00 0.00 0.00 —-0.6 11.40 0.44
10" 4.6 25.85 0.00 0.00 —0.6 25.25 0.98
Polymer (ef"ly ~ 3, hwy = 180meV, p=3D, o = 100 Al g=0.9,n=0.5, nj, = n)

10'8 10.0 0.05 0.00 0.00 —-72.9 —72.85 —-2.82
1020 2.2 0.00 —-0.37 —-0.37 —72.9 —73.65 —2.85
107! 1.0 0.00 —-3.75 —8.00 —72.9 —84.65 —-3.27

through dipole-dipole (Eyq), induced dipole (Eiyq), and lattice
relaxation (E,,) interactions on the other, following

Ec = e 1 exp (—L), (A2)

dmepe, v AD

2p% 1
Eaa = _471506, 3’ (A3)
Eina = _a_e2 l (A4)
8repe? rt
and

Epol = —ng’fiax, (A5)

with p the permanent dipole moment, « the polarizability
volume, g the dimensionless electron—phonon coupling con-
stant in the Holstein model, and %w, the characteristic phonon
energy. The factor n < 1 accounts for the partial overlap of
lattice distortions when two polarons share a common relax-
ation field. In electrochemically doped systems, mobile ions
screen the Coulomb repulsion between carriers. We model
this through the screening factor in Eq. (A2), with the Debye

length
eo€, kg T
Ap = [ 2B
2nion€?

where n;,, 1s the ion concentration in the material. The net
effective interaction energy between two carriers is then

(A6)

Eeit = Ec + Egq + Eing + Epol» (A7)

with E. > 0 corresponding to net repulsion and E.¢ < 0 to
net attraction. The dimensionless correlation parameter

I'= Bert (A8)

ks T

quantifies the strength of carrier—carrier interactions relative
to thermal fluctuations. For |I"| >> 1, correlations dominate
and collective phenomena such as phase transitions become
relevant.

Table I compares the estimates for both systems using
archetypal material parameters. Silicon devices typically fea-
ture carrier densities of 75 ~ 10 — 10" cm~3 (moderate to
high doping) with €3! ~ 12. Note that in this simple picture,
restricting the silicon system to its sheet density in a 2D inver-
sion layer hardly changes the estimated numbers, since carrier
spacing remains essentially the same. OMCs, on the other

hand, operate in the range of n”°Y ~ 10'® — 10*! cm—> with a
permittivity of €?°Y ~ 3 for the dry polymer backbone where
carriers reside. The estimation suggests that carrier—carrier
correlations are significantly stronger in polymer semicon-
ductors than in silicon and, crucially, can be net attractive
in nature. This conclusion holds even under strong screening
by the electrolytic environment (e?°” ~ 10), which changes
I' only marginally. Recently reported operando x-ray pho-
ton correlation spectroscopy measurements on a benchmark
OMC have revealed mesoscale phase separation and domain
coarsening dynamics consistent with net attractive carrier
interactions [18], providing experimental support for this
picture.

APPENDIX B: MEAN-FIELD INTERACTION
AND COEXISTENCE CHEMICAL POTENTIAL
1. Mean-field interaction energy

Starting from the lattice-gas Hamiltonian of the main text,

H[X]=—J Y nnj, (B1)
(i,J)
we approximate the interaction energy in terms of the total
number of occupied sites N(X) = Zi n;.
In the mean-field picture, every site is taken to see the
average occupation p = N/V of all other sites, so that the
interaction term for a given site i is approximated as

N/
—Jo Z ninj ~ —Eoz,on,-, (B2)
jen.n.(i)

where z is the coordination number. Summing over all sites
gives

EX) ~ _% oS n (B3)
_ e N
= -5 = NX) (B4)
_ _Joz 2
=3, N, (B5)

It is convenient to define a coarse-grained mean-field coupling
Z

J =
2

Jo, (B6)
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so the interaction energy can be written as
J
EX) = —VN(X)2. (B7)

Inserting this expression into the grand-canonical weight
P[X] x exp[—(E(X) — uN(X))/T] used in the main text
then yields

P[X] o exp [TJ—VN(X)2 n %N(X)] (B8)

2. Mean-field coexistence chemical potential

In this mean-field description, the grand-potential density
at temperature 7 and chemical potential © can be written as

br.u(p)=—Jp> +Tlplnp+ (1 —p)In(l — p)] — p,
(B9)

where p is the carrier density (0 < p < 1) and J > 0 is the
effective mean-field attraction defined above.

The coexistence (critical) chemical potential 1. is obtained
by exploiting the particle-hole symmetry of the lattice gas.
At coexistence, the low- and high-density phases are equally
stable, which in mean field corresponds to a symmetry of the
grand potential under p <> 1 — p:

$r(p) = b1 (1 —p) forallp.  (B10)
We therefore consider the difference
Ap(p) = ¢r,.(p) — Pr (1 — p). (B11)

Using Eq. (B9), we obtain

Ap(p) = [—Tp*> — upl — [J(1 = p)* — u(1 — p)]

=—Jp*+J(1=2p+p*) — pup + pu(l — p)

=J( —=2p)+ u(l —2p)
=(1-2p)(J + p).

The entropic contribution cancels in the difference because
plnp+ (1 — p)In(l — p)is symmetric under p <> 1 — p. At
coexistence, we require A¢(p) = 0 for all p, which is only
possible if the prefactor of (1 — 2p) vanishes. This yields the
mean-field coexistence chemical potential

(B12)

e = —J. (B13)

We note that this result, derived here from the mean-field
grand potential, is in fact exact: it follows from the particle—
hole symmetry of the lattice-gas Hamiltonian under n; <
1 —n; combined with u < —zJo — u, which holds at the
microscopic level and is independent of dimensionality or the
approximation scheme.

APPENDIX C: DERIVATION
OF THE MEAN-FIELD ENTROPY

The entropy of a macrostate with carrier density p arises
from the number of ways to arrange N = pV indistin-
guishable carriers on V distinguishable sites, given by the
binomial coefficient = (}). Applying Stirling’s approxi-
mation In(n!) & nlnn — n and expressing N = pV yields, to

leading order in V/,
S=InQ~-V(plnp+ (1 —p)in(l — p)), (C1)

which defines the entropy density s =S/V = —[plnp +
(1 — p)In(1 — p)]. This is the standard entropy of mixing on
a lattice [29] and forms the entropic contribution to the mean-
field free energy density in Eq. (6). Subleading corrections of
order O(In V) are negligible in the thermodynamic limit.

APPENDIX D: MEAN-FIELD LATTICE GAS
AND LOCAL OCCUPATION

In the mean-field lattice-gas description, a site can be either
undoped (n = 0) or doped (n = 1). For a configuration X with
N(X) doped sites, the coarse-grained interaction energy is
approximated as

E(O) =~ NXO? = N OX), o)
where J > 0 is the effective mean-field interaction, V is
the total number of sites, and ug is the effective chemical
potential.

Within mean field, each site feels the average occupation
p = (n;) = N/V of all other sites. The effective single-site
internal energy can then be written as

Ei(n)) = —(2Jp + [efr) 1, (D2)
so the two possible energies are
Ei(0) =0, Ei(1)=—(2Jp + petr)- (D3)

The corresponding single-site grand-canonical partition
function is

E;(n; 2J
Zae= " exp [_ (Tn)] ltexp [M]

T
n;=0,1

(D4)
and the average occupation p = (n;) is

o= 1 Z n; exp |:_Ei(”i):| _

exp [ 2Jp;"ﬂeff ]

site =o'} T | 1+4exp [M] '
(D5)
This can be written in the compact logistic form
1
P = ¥ oxp [ i) b0

which is the self-consistency condition quoted in Eq. (12) of
the main text. Together with the device coupling

vy q(Vg — Ven),

this defines the local occupation p(Vg, Ve) along the channel.

Mefi(VG, Ven) = Mreservoir — (D7)

APPENDIX E: VALIDITY OF THE MEAN-FIELD
TRANSPORT APPROXIMATION

The mean-field transport model assumes a local conductiv-
ity o o p, neglecting spatial correlations such as percolation
and current-path inhomogeneity. To assess this approxima-
tion, we compute the effective conductance of equilibrated
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FIG. 5. Normalized effective conductance G/Gnayx 0f equilibrated 2D lattice-gas configurations as a function of carrier density p, compared
to the mean-field prediction G/Gnax = p. Each point represents the conductance of a resistor network with bond conductances g;; = nn;,
solved on Monte Carlo snapshots at the indicated temperatures (J = 1.0, 50 x 50 lattice). The dashed line marks the 2D site-percolation
threshold p. & 0.59 [30]. Error bars denote the standard deviation over independent snapshots.

2D lattice-gas configurations by solving a resistor net-
work in which each nearest-neighbor bond has conductance
gij = nin;, and compare the result to the mean-field prediction
G/ Giax = p-

Figure 5 shows the normalized conductance as a func-
tion of carrier density for several temperatures. At inter-
mediate densities, the mean-field prediction systematically
overestimates the conductance: the 2D lattice exhibits a site-
percolation threshold at p. ~ 0.59 [30], below which no
conducting path spans the system. Above p., the conductance
rises steeply but remains suppressed relative to the mean-field
prediction, approaching it only as p — 1 when the lattice
becomes fully occupied.

This discrepancy reflects the well-known limitation of
mean-field transport in spatially heterogeneous systems. How-
ever, we note three points relevant to the present work. First,
the mean-field transport assumption is self-consistent with
the mean-field thermodynamics used throughout: both discard
spatial correlations, and both would need to be extended si-
multaneously, e.g., via a Cahn—-Hilliard formulation coupled
to drift-diffusion transport. Second, the qualitative features
of the transfer characteristics are governed by the thermo-
dynamic landscape and require only that the conductivity
is a monotonically increasing function of carrier density. In
the subcritical regime where the model predicts hysteresis,
the first-order phase transition confines the carrier density to
p ~ 0 or p~ 1, being precisely the limits where o  p is
accurate. Finally, the present 2D verification is conservative
with respect to the three-dimensional OMC films of prac-
tical interest: In 3D, the site-percolation threshold drops to
pe ~ 0.31 (simple cubic) [31] compared to p. =~ 0.59 in 2D,
so the density window in which o o p fails is substantially
narrower. A quantitative treatment of transport at inter-
mediate densities would nonetheless require percolation or

effective-medium corrections, which go beyond the scope of
this work.

APPENDIX F: DRIFT TRANSPORT
AND CURRENT CONTINUITY

We now derive the expression for the drain current. Con-
sider a channel of width W, thickness ¢, and length L, with
coordinate x measured from source (x = 0) to drain (x = L).
The local channel potential is V,,(x), with boundary condi-
tions V,p(0) = 0 and V(L) = Vp. The local carrier density is

n(x) = nmax PV, Ven(x)), (F1)

where n,,x is the density of available sites. Assuming drift-
dominated transport with mobility p, the local conductivity
is

0 (x) = q o n(x) = q ter Nmax P(VG, Ven(x)). (F2)

The current density is j(x) = o (x)E(x) with electric field
E(x) = —dV,/dx. The total drain current I, is constant along
the channel and given by Ip, = j(x) Wt, so

chh
Ip = —q Ktr Mmax P(VG, Vch(x)) Wi dx (F3)
Rearranging yields
dV; I 1
h b ) (F4)
dx q i max Wt p(Vg, Ve (x))
Separating variables and integrating from source to drain,
17 L
| e vy v =~ ———t. @)
0 q Mt Nmax Wi

where we have changed the integration variable from x to
Ven, using Vep (0) = 0 and V(L) = Vp. This step assumes that
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Ven(x) varies continuously and monotonically between source
and drain, and that the local carrier density can be written as a
single-valued function p(Vg, Ve, ) at fixed Vi (local quasiequi-
librium). In the equilibrium formulation, these assumptions
break down in regimes where the mean-field equation of state
becomes multivalued, which would require explicit treatment
of domain boundaries and spatial coexistence. We address
this issue by the dynamical treatment of Eq. (13): At each
gate voltage, the relaxation dynamics select a unique branch,
so p(Vg, Vop) remains single-valued along the channel for a
given sweep direction. A full treatment of spatial coexistence
within the channel would require a Cahn—Hilliard formulation
as noted before. We further note that the linear dependence
o  p is itself a mean-field approximation (Appendix E). We
thus write

Vb
10(Ve, Vo) = —Go / pVoVa) Ve (F6)
0
with
Go = q MU ninax Wt (F7)

as stated in Eq. (16) of the main text.

APPENDIX G: NONINTERACTING
AND INTERACTING LIMITS

In the noninteracting limit (J = 0), the mean-field self-
consistency relation Eq. (D6) reduces to a simple logistic
dependence of the occupation p on the effective chemical
potential pegr(Vg, Ven) defined in Eq. (D7). Inserting this non-
interacting p(Vg, Vop) into the integral expression for the
drain current, Eq. (F6), yields a closed-form expression for
Ip(Vg, Vp). For J > 0, Eq. (D6) becomes genuinely nonlinear
and can admit multiple solutions for p at fixed (7, iefr)-
The corresponding grand-potential landscape ¢7 ,(p) devel-
ops multiple minima, reflecting the coexistence of low- and
high-density phases and giving rise to metastability. In this
interacting case, the static self-consistency condition alone
does not uniquely specify p(Vg, Vop), and selecting the phys-
ically realized branch requires a dynamical prescription. We
use the relaxational dynamics introduced in Eq. (13), which
evolves p along the gradient of the grand potential and tracks
the metastable branch occupied by the system until it is
destabilized at a spinodal. The drain current Ip(Vg, Vp) in
Eq. (F6) is then evaluated numerically using the dynamically
selected p(Vg, Ven). This is the regime relevant for the history-
dependent behavior discussed in the main text.
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