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ABSTRACT
Advances in the development of organic field-effect transistors (OFETs), electrically gated organic semiconductors (EGOFETs),
and organic electrochemical transistors (OECTs) allow for the operation of these devices at very high charge-carrier densities,
where Coulomb interactions between carriers can be expected to become significant. We have studied the effects of such Coulomb
interactions in an OFET-like structure using Kinetic Monte Carlo (KMC) simulations. Compared to an analogous structure where
carrier-carrier interactions are neglected, we find a reduction in carrier mobility and an increase in activation energy. This effect
increases with increasing gate voltage, i.e., charge density. We associate this with the emergence of a different transport regime
where correlated transport prevails and where a Coulomb gap appears in a dynamic density of states (DOS), consistent with
previous work. We demonstrate that at these high densities, the charges in the organic semiconductor behave like those in a
Coulomb glass. In this context, the activation energy for transport is reinterpreted to relate to the structural reorganization of
the carrier ensemble. Unlike in inorganic semiconductors, for the organic semiconductor system, we find the appearance of a
Coulomb gap to occur even at ambient temperature, and it does not require variable-range hopping.
1 Introduction

The performance of organic electronic devices ultimately
depends on the charge transport properties on the molecular
scale. In organic field-effect transistors (OFETs), a higher charge
carrier mobility decreases switching times and enables high-
frequency operation [1]. In organic light-emitting diodes and
organic solar cells, it leads to improved charge transport and
reduces recombination losses [2, 3] while in sensors, a higher
mobility results in better sensitivity and response time [4].

The mobility of charge carriers depends on their concentration.
In systems with moderately high carrier density, such as OFETs,
the mobility usually increases with carrier concentration. This is
because the charges fill up the density of states (DOS) starting
from the low-energy states, thereby raising the Fermi level.
This is an open access article under the terms of the Creative Commons Attribution License, which perm
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Thermally activated jumps of carriers from the Fermi level to
the level where transport occurs efficiently (transport level)
thus become increasingly easier with increasing concentration.
However, at very high charge carrier concentrations, the carrier
mobility has been observed to decrease with increasing concen-
tration, which has been attributed to Coulomb repulsion between
charges. Carrier concentrations at which this effect occurs can
be achieved, for example, in OFET structures [5–9]. There, the
high charge carrier density is achieved by increasing the gate
voltage, on which the charge concentration depends linearly [10].
Fratini et al., for instance, observed current density saturation
at high gate voltages in OFETs, which implies a decrease in
mobility and a concomitant increase in activation energy at
high concentrations [11]. They attribute both observations to
Coulomb interactions between Fröhlich-polarons that form near
the dielectric interface. However, there is still debate whether this
its use, distribution and reproduction in any medium, provided the original work is properly
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FIGURE 1 Schematic illustrating the system modelled. (a) The
distribution of the sites at different energies that are available for charges
(DOS) and that are actually occupied by charges (ODOS). The Fermi-
Dirac distribution is shown as a blue solid line, and the Fermi energy
εF and the transport energy εt are indicated. (b) The distribution of
available and occupied sites versus space. Dotted lines indicate εF and εt
for reference, and a possible transport path for one carrier is shown. (c)
The model geometry used in all simulations has periodic boundaries in
the x- and y-directions.
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is exclusively due to Coulomb interactions or whether extrinsic
effects could also play a role [12, 13]. Simulations support that
indeed Coulomb interactions are the main cause of the decrease
in mobility at high concentrations [14–18]. These high charge
concentrations can also be achieved in electrochemically doped
systems [15, 19–23]. Recently, in an electrochemically doped
tandem transistor structure at low temperatures (160K) and
high charge concentrations, the gate-voltage dependence of the
conductivity has been reported to exhibit an unusual behavior
thatmay be associated with the appearance of a Coulomb gap [22,
23]. This soft gap in the density of states of the Fermi level was first
described by Efros and Shklovskii [24] in disordered systems with
strong localization and long-range Coulomb interaction between
the charges, in particular, electron liquids at low temperatures. In
these systems, a percolative, glassy transport behavior (Coulomb
glass) can be observed, which is controlled by correlations [25].
Several theoretical studies and simulations of inorganic Coulomb
glass systems have shown that Coulomb interactions ultimately
lead to the formation of a Coulomb gap [24, 26–32]. Likewise,
in simulations of organic semiconductors, Liu et al., Koopmans
et al., and Ihnatsenka have shown the emergence of a Coulomb
gap at uniformly high charge carrier concentrations [15, 33] or at
interfaces where charge carriers accumulate [34].

However, a framework is still missing that explains howCoulomb
gap formation leads to the observed decrease of mobility and
the increase of the activation energy, and its impact on charge
transport in organic materials, especially in OFETs, where high
charge concentrations may be reached. To understand experi-
mental observations and to study such fundamental concepts as
charge transport, one needs to break down the complexity of a real
2 of 15
system and use a simple model system, which is possible when
using simulations. Extrinsic effects, such as altered injection
or morphological changes, can be eliminated in simulations,
allowing us to examine a disordered semiconductor’s intrinsic
behavior.

This paper showswhether and under what conditions a Coulomb
gap forms in OFETs. To exclude effects due to counter-charges,
we consider only non-doped systems. Electrochemical doping
would add its own Coulomb effects and add a further level of
complexity. This is why, in this work, we focus on the simplest
case, i.e., without dopants. We link the emergence of a Coulomb
gap to a change in the transport behavior where single charge
transport evolves into correlated multi-charge transport, where
a conventional description of charge transport does not hold.
We propose a new interpretation of the role of the activation
energy in the correlated transport regime and support this by a
correlation analysis of charge transfer events. In this framework,
we account for the experimentally observedmobility [5–9, 11] and
activation energy [11]. Hence, our Kinetic Monte Carlo (KMC)
simulations extend the conventional transport-level picture with
a reinterpretation of the activation energy in the high charge
concentration regime where correlated transport prevails.

2 Concepts and Results

2.1 Concepts

In disordered organic semiconductors, charge transport predom-
inantly occurs via thermally activated hopping between localized
sites, which can be, e.g., entire molecules or parts of a polymer
chain. The energies of these sites form the density of states (DOS).
These energies are usually spatially correlated [35, 36] and follow
a Gaussian distribution 𝜌DOS with a standard deviation σ [37, 38],
which is known as the disorder parameter.

𝜌𝐷𝑂𝑆 (𝜀) =
1√
2𝜋 𝜎

exp

(
− 𝜀2

2𝜎2

)
(1)

In an equilibrated system, the Fermi-Dirac distribution

𝑊𝐹𝑒𝑟𝑚𝑖 (𝜀) =
(
exp

(
𝜀 − 𝜇
𝑘𝐵𝑇

)
+ 1

)−1

(2)

describes the occupation probability of a
particular energy level ε. It only depends on
the temperature T and the chemical potential 𝜇,
which is the Fermi level εF at zero temperature. kB is the
Boltzmann constant. The density of all occupied states (ODOS),
𝜌𝑂𝐷𝑂𝑆 , is then the product of (1) with (2),

𝜌𝑂𝐷𝑂𝑆 (𝜀) = 𝜌𝐷𝑂𝑆 (𝜀) ⋅ 𝑊𝐹𝑒𝑟𝑚𝑖 (𝜀) (3)

and thus coincides with the low-energy tail of the DOS. Figure 1a
illustrates the relation between the DOS, ODOS, and the Fermi
function, and Figure 1b shows a typical associated path for charge
transport. For low and moderate charge density, most charges
(red dots) occupy sites at the Fermi level εF or below. Only a
few (empty) sites are energetically and spatially sufficiently close
to the sites occupied by charges to allow for charge transfer
Advanced Materials, 2026
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events with a reasonable probability. Thermal activation with an
activation energy Eact, however, can promote charges to a site
closer to the centre of the DOS where there are enough empty
neighboring sites to allow for hopping over several adjacent sites
with a high probability before relaxing again to a site in the tail of
the DOS. This significantly improves the transport of the charge
carrier. The threshold energy at which this quasi-percolative
charge transport sets in is known as the transport energy εt [39–
41]. Since the hops from the low-energy sites to sites above εt
are the rate-limiting steps in this transport mode, the activation
energy for these hops can easily be determined by measuring
the temperature-dependence of the mobility 𝜇 ( 𝑇) and fitting an
Arrhenius dependence, 𝜇 (𝑇) ∝ exp (−𝐸act∕𝑘𝐵𝑇), to it [41].

The traditional concept of hopping transport depicted in
Figure 1a,b has been derived for the case of low and moderate
charge density, where Coulomb interactions between charges can
be neglected. We aim to explore how charge transport changes
when the charge carrier density becomes sufficiently high for
their mutual Coulomb interaction to become noticeable.

Our current study is based on Kinetic Monte Carlo (KMC)
simulations. Figure 1c illustrates the studied geometry resembling
an organic field-effect transistor (OFET). We simulate charge
transport only within the semiconductor material, with periodic
boundary conditions along the x- and y-axis. Figure 1c indicates
the simulation box size along each axis; the lattice constant is a =
1 nm [38] in all directions. In the non-periodic z-direction, we use
three layers, which is sufficient since most charges accumulate at
the insulator interface [5, 18, 42]. Due to the insulator in theOFET,
the gate electrode and the semiconductor can be approximated to
form a capacitor, where the number of charge carriers N in the
semiconductor linearly depends on the applied gate voltage VG V
[10]:

𝑁 =
𝜀𝑖𝑛𝑠𝜀0 × 𝐴 × 𝑉𝐺

𝑞 × 𝑑𝑖𝑛𝑠
(4)

Here, εins = 4 and dins= 100 nm are the relative permittivity and
thickness, respectively, A = 5000 nm2 is the area of the insulator-
semiconductor interface, ε0 is the vacuum permittivity, and q is
the unit charge. We take the number of charges as constant and
initialize their positions randomly.

To calculate the single-charge-transfer probabilities, we apply the
so-called “full”Miller-Abrahams (MA) rate given in Equation (5),
instead of the commonly known and conventionally used version
of the MA rate. The latter, with a constant term for hops down-
ward in energy and a Boltzmann term for upward hops, is actually
an approximated version that becomes inadequate in the limit of
weak disorder or high electric fields as discussed in ref. [43, 44,
47]. This becomes relevant for systems considered in our study.
Both rates consider the energy conservation for charge transfer by
the emission or absorption of a single phonon [45], yet they differ
in the assumptions made for the spectral phonon density [44,
46]. While the “full” rate assumes a linearly increasing phonon
density with increasing energy, the conventional rate assumes a
monotonic increasing, yet eventually saturating dependence that
approaches a constant value. In any case, the energy gap between
adjacent hopping sitesmust not exceed the energy of the phonons
concerned [47], and the temperature needs to be sufficiently high
Advanced Materials, 2026
for the relevant lattice vibrations to be excited [48]. Though the
rate was originally derived for charge transfer in systems with
low impurity concentrations [45], this was mainly to avoid the
emergence of energy bands and does not concern the dependence
on charge carrier concentration [45].

The full MA rate, describing a charge transfer from an occupied
to an unoccupied site, reads as follows [43, 44]:

𝑘𝑖𝑗 =
𝐶

ℏ
𝑒−2𝛾𝑟𝑖𝑗 2𝑘𝐵𝑇

|𝜀𝑗−𝜀𝑖|
2𝑘𝐵𝑇

sinh
(|𝜀𝑗−𝜀𝑖|

2𝑘𝐵𝑇

) 𝑒−(𝜀𝑗−𝜀𝑖)∕2𝑘𝐵𝑇 (5)

Here, kB is the Boltzmann constant, and T the system tempera-
ture. Themaximal hopping distance rij is

√
3𝑎, the dimensionless

constant C = 1, and the inverse localisation radius 𝛾 = 5 nm−1 for
all cases. The single-site energies (εi, εj) of the initial and final
positions are computed by adding the respective correlated site
energies, the potential caused by the electrical fields, and the
potential due to Coulomb interactions with other charges. After
calculating the rates for all possible transfer events, one event
is randomly chosen according to its weighted probability and
executed. The time elapsed for this event is 𝛿𝑡 = −ln(𝑋)∕𝑘𝑡𝑜𝑡𝑎𝑙,
where 𝑿 is a random uniform number 𝑋 ∈ [0, 1[ and 𝑘total
is the sum of all rates [49]. After the jump is executed, the
potential landscape is updated, avoiding the self-interaction error
as described by Li and Brédas [50].

The static site energies are calculated by the dipole method
described by van der Holst et al. [17] such that they follow a
correlated Gaussian distribution. The electric field created by
the gate electrode (source-drain electrode) is implemented by
defining a linear potential gradient along the z-direction (x-
direction). The Coulomb interactions between charge carriers
are either intentionally neglected, to provide a reference system,
or included in the potential landscape and calculated according
to the Minimum Image Convention [51, 52], which leads to an
effective cutoff radius of half the box length along the x- and
y-axis. The dielectric permittivity of semiconductors is usually
measured as an average value at low carrier density. Evidently, at
high charge carrier density, the polarizability of a material may
increase, and hence the dielectric screening might increase as
well. This effect, as well as local deviations, is not considered in
our approach, asweuse a density-independent dielectric constant
of εr = 4. We consider a simulation to have reached (quasi-
)equilibrium when at least a minimum of 2 ⋅ 107 simulation
steps have been performed, and the current density in the x-
direction has converged, which is declared when the coefficient
of variation falls below 5%. Depending on the number of charge
carriers, we perform several simulations until the transport of a
minimum of 100 charges has been simulated. For more details
on the simulation approach, especially the implementation of the
electrical fields, see Supporting Information (Section A).

2.2 Mobility Decay at High Voltages

To assess the effect of including carrier-carrier interactions in
the hopping transport, we simulated the charge transport in
the OFET structure of Figure 1c with and without Coulomb
3 of 15
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FIGURE 2 Gate voltage dependence of the charge carrier mobility
when Coulomb interactions between carriers are not included (left
panel) or included (right panel) in the simulations, for different disorder
strengths σ and temperaturesT.When assuming that only the lowest layer
is occupied, the top scale specifies the respective charge concentration per
site in this layer.
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interactions included in the simulations as a function of carrier
density, i.e., parametric in the gate voltage. After equilibration of
the simulations, we calculate the average charge carrier mobility
𝜇 = 𝑣∕𝐹 from the carrier drift velocity 𝑣 and the electrical field
𝐹 for each carrier and take the standard deviation as a measure
of the confidence intervals. Figure 2 compares the average charge
4 of 15
carrier mobility obtained for different disorder strengths σ.

For low gate voltages and hence low carrier densities, the charge
carrier mobility does not change significantly when carrier-
carrier interactions are explicitly considered compared to the
mobility without. In contrast, for higher gate voltages and
concomitantly high carrier densities, including carrier-carrier
interactions reduces the mobility. For qualitative comparison,
the difference between the two mobilities is also plotted in
Figure S1. The dependence of the mobility on gate voltage, i.e.,
carrier density, changes with disorder. For disorder strengths of
25 meV and weaker, the mobility decreases with gate voltage
for both cases, with and without inclusion of carrier-carrier
interactions, but in the absence of interactions, the effect is very
small. With increasing disorder strength, one observes that the
mobility increases with gate voltage, goes through a maximum,
and then decreases at very high gate voltages. The maximum of
the mobility shifts toward higher gate voltages with increasing
disorder. We will come back to this later.

The comparison between the data set with and without inclusion
of carrier-carrier interactions implies that the primary reason for
the mobility decrease at high charge concentrations in OFETs
is the interactions. This result is conceptually consistent with
previous studies in 3D-periodic systems [14–16]. Note, however,
that the gate field introduces a charge density gradient and,
therefore, enhances the 2D nature of charge transport in OFETs
[5, 42].Minor quantitative differences in the extent of the decrease
and the concentration at which it sets in can be attributed
to differences in simulation parameters such as the dielectric
constant or the delocalization radius, as discussed before [15, 16].

Although it is generally accepted that carrier-carrier interactions
are the leading cause of mobility reduction, there are different
explanations for how they affect charge transport. Zhou et al.
suggested that at high concentrations, additional energy barriers
created by carrier-carrier interactions hinder charge transport
[14]. Liu et al. describe the transport as “to some extent similarly
to a strongly correlated system (“Coulomb glass”)” [16], which
Koopmans et al. illustrate by showing that carrier-carrier inter-
actions lead to the formation of a Coulomb gap in the DOS of
organic semiconductors [15]. They suggest that the gap “reduces
the number of available hopping sites in the vicinity of the Fermi
level” [15], forcing the charges to hop to either higher-energy sites
or over larger distances, both leading to a decreased mobility. In
order to understand the formation and nature of this Coulomb
gap, we first consider the DOS and ODOS obtained from the
simulations of the data shown in Figure 2.

2.3 Coulomb Gap Evolution and Broadening of
the DOS

We obtain the ODOS andDOS from histograms over the resulting
site energies, where we considered 50 different configurations
after equilibration, read out after 104 hopping events each time.
We obtain the Fermi function and the corresponding Fermi level
by fitting Equation (2) to 𝜌ODOS∕𝜌DOS at a fixed ambient tem-
perature. The evolution of the DOS and ODOS with increasing
gate voltage and hence increasing charge density for the cases
with and without consideration of carrier-carrier interactions is
Advanced Materials, 2026
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shown in Figure 3, at a temperature of 300 K. The system behaves
very similarly at all temperatures studied; for reference, we show
the respective data for 100 K in Figure S2. We focus on the two
examples where the energetic disorder in the sample prior to
applying a gate voltage is either very low (5 meV) or moderately
high (75 meV). When a gate voltage is applied, the associated
charges and their Coulomb interactions increase the absolute
value of the potential energy. We decided to shift all distributions
so that theDOS considered is always centered around zero energy.
This representation allows for a better comparison and, at the
same time, does not complicate further discussions, since only
relative energy differences are relevant for charge transport.

Let us first consider the case of small disorder (Figure 3a) without
carrier-carrier interactions. For VG = 1 V, theDOS is a very narrow
Gaussian with σ = 5 meV. All three layers of the simulated OFET
(c.f. Figure 1c) contribute equally to this Gaussian. At higher gate
voltages, the DOS evolves into three Gaussians of lower height
yet with the same standard deviation; every layer contributes to
one peak. The gate field is responsible for this splitting, which
increases linearly with gate voltage: The field in the z-direction
lowers the potential equidistantly for each layer, dependent on
the distance of the layer to the insulator. As expected in an
equilibrated system, we find the ODOS at low energies, i.e.,
in the first layer. Within this first layer, the ODOS is nearly
evenly distributed because theDOS is narrower than the available
thermal energy (see Figure S3).

Now we turn to the case with Coulomb interactions between
carriers. Even at the lowest charge density (approximately 0.07%
of the sites) of VG = 1 V, there is a remarkable difference
to the case without interactions: The DOS is asymmetric, and
each layer’s peak is significantly broadened. Upon increasing the
gate voltages, the gate field splits the DOS again into different
peaks for the different layers; however, the splitting is no longer
equidistant. Rather, it decreases drastically at higher energies,
so that the DOS of the second and third layers largely overlap.
Similarly, the DOS is broader in the lower layer. Furthermore,
the explicit inclusion of carrier-carrier interaction has caused
the DOS width of the first layer at 100 V to increase from
σ = 5 meV to approximately σ = 110 meV. A similar increase in
DOS width applies to other disorders (see Figure S4), though
the Coulomb-induced broadening reduces when the already
prevailing energetic disorder increases. From the ODOS, we
see that most charges occupy the low-energy sites in the first
layer, next to the gate insulator. We therefore attribute both the
decreased splitting and the reduced width of the DOS in the
higher layers to the effect that the Coulomb potential generated
by the charges in the first layer screens most of the gate-induced
potential.

The main difference, however, between the case without and
with consideration of Coulomb interaction between carriers is
the emergence of a fourth peak: At 20 V, it is visible as a
low-energy shoulder of the first layer’s DOS, and above 60 V,
it is recognizable as a distinct peak. It becomes higher, more
expressed, and shifts toward lower energies as the gate voltage
increases. It is particularly noteworthy that the ODOS of the
entire OFET coincides with this additional peak in the DOS of
the first layer, though it does not fill it entirely (c.f. Figure S5). The
gap that therefore emerges between the unoccupied and occupied
Advanced Materials, 2026
sites in the first layer’s DOS is the Coulomb gap. It was first
described by Efros and Shlovskii for an inorganic Coulomb glass
[24, 32] and also observed in organic semiconductor simulations
by Koopmans et al. for the 3D charge transport case without gate
voltage [15]. We will discuss its existence and shape further below
and in the Supporting Information (Section D).

Figure 3b shows similar data, only at a higher disorder strength of
75 meV. Analogous to the 5 meV case, we observe the appearance
of a Coulomb gap and a reduced energetic offset for the second
and third layers’ DOS parts. There is, however, one difference
compared to the example with σ = 5 meV disorder. For σ = 75
meV, the DOS part of each layer is already broad. Therefore, the
additional broadening induced by carrier-carrier interactions is
not as pronounced (see also Figure S4).

In Figure 3c,d, we compare cases at opposite ends of the explored
disorder and temperature ranges at VG = 100 V. Evidently, the
Coulomb gap is present at all disorders; only the additional
broadening due to Coulomb interactions becomes less prominent
when the DOS is already broad due to energetic disorder. At
100 K, the DOS is slightly less broadened and reduces to zero
at the center of the Coulomb gap. At higher temperatures, the
gap becomes slightly softer but is still well pronounced. This can
also be seen in Figure S2, where we show the same data as in
Figure 3a,b at 100 K.

2.4 Arrhenius Dependence and Activation
Energy

Having derived the form of the DOS from the KMC sim-
ulation, we shall assess its impact on the charge transport.
For this, we first investigate the influence of temperature on
charge transport. We extract the activation energy for dif-
ferent disorders and gate voltages by fitting an Arrhenius
dependence, 𝜇 ( 𝑇) = 𝜇0 exp (−𝐸act∕𝑘𝐵𝑇), to the temperature-
dependent mobility. Figure 4 (a) shows examples for σ = 5 meV
and 75 meV at different gate voltages, with the Arrhenius fits as
lines to the data points.

Let us first consider the influence of carrier density on the mobil-
ity when carrier-carrier interactions are neglected (left panels
of Figures 2 and 4a). For a disorder of σ = 75 meV, increasing
the gate voltage (and hence the carrier density) increases the
absolute value of the mobility and the slopes of 𝜇 (𝑇) become
shallower, i.e., the activation energy reduces. This phenomenon is
well-understood. With increasing carrier density, the Fermi level
εF rises and moves closer to the transport level εt (cf. Figure 1),
hence less activation energy is required for a concomitantly faster
transport. For very low disorders such as σ = 5 meV, the curves
barely show any slope and do not change with gate voltage,
except for the absolute value, which reduces. We consider that
this reduction arises because for the nearly disorder-free case at
σ = 5 meV, the Fermilevel and the transport level are already
very close. Hence, increasing the gate voltage does not change
the required activation energy. However, at high carrier densities,
partial occupation of available sites can block some of the carrier
jumps in field direction, notably in a quasi-2D system, and thus
slightly reduce the absolute value of the mobility.
5 of 15
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FIGURE 3 The evolution of DOS (light orange) with increasing gate voltage for simulations with and without carrier-carrier interactions for a
disorder strength of (a) 5 meV and (b) 75 meV at 300 K. For display purposes, the DOS is centered around zero energy. The blue, purple, and green lines
indicate the contribution to the DOS from the sites in different layers of the simulated OFET. The ODOS (red) and the Fermi distribution (black line) are
also shown. (c,d) Comparison of the DOS for simulations with and without carrier-carrier interactions for representative cases of low and high disorder
(σ = 5 meV, 75 meV) and low and high temperatures (T = 100 K, 300 K) at VG = 100 V.

6 of 15 Advanced Materials, 2026
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FIGURE 4 (a) Arrhenius fits (solid lines) to the mobility obtained for different gate voltages without (left panels) and with (right panels) carrier-
carrier interactions. The top and bottom panels exemplify the data for σ = 5 meV and 75 meV, respectively. Black arrows indicate the increasing gate
voltage parameter. An Efros-Shklovskii fit with T0 = 2012 K to the curve for σ = 5 meV, VG = 100 V, with carrier-carrier interactions is additionally
displayed (black dashed line). (b) The dependence of the activation energy on the gate voltage with (solid lines) and without carrier-carrier interactions
considered (dashed lines) for different disorder strengths σ. Note that the curves for σ= 5meV and 10meV superimpose for the case without interactions.
(c) Gate voltage of the minimum activation energy compared to the gate voltage of the maximum mobility for different temperatures versus disorder
strength (lines are guides to the eye). (d) Comparison of the simulation results for σ = 5meV to the experimental data from Fratini et al. [11], which are
shifted about −50 meV.
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This picture changes when carrier-carrier interactions are
included so that the combined effects of electron repulsions and
the concomitantly increasingly broadened DOS become notice-
able (right panels of Figures 2 and 4a). For the σ = 5meV case,
the temperature dependence, and hence Eact, gets stronger with
increasing gate voltages. Moreover, the temperature dependence
of the mobility begins to deviate from a simple Arrhenius depen-
dence. For a gate voltage of 100 V, the temperature dependence

of the mobility finally approaches a 𝜇(𝑇) ∝ exp (−(𝑇0∕𝑇)
1

2 ) law
which Efros and Shklovskii consider as a signature for the
formation of a Coulomb gap [24]. It implies that under these
conditions, charge transport is temperature-activated, yet the
activation energy decreases with decreasing temperature. An
Arrhenius-type fit can therefore only approximate the change in
activation energy with increasing charge concentration. For the
Advanced Materials, 2026

tive 
case of higher disorder, σ = 75 meV, the slopes first decrease
with gate voltage up to VG = 60 V and then increase again. We
consider that two effects superimpose. For gate voltages below
60 V, the effect of filling up of the DOS dominates, hence the
activation energy reduces with increasing gate voltage. At higher
voltages, carrier-carrier repulsions and the (slight) Coulomb-
induced broadening of the DOS lead to an increase in thermal
activation for 𝜇 ( 𝑇).

Figure 4b compares the dependence of the activation energy
on the gate voltage with and without carrier-carrier Coulomb
interactions for different disorder strengths. When displayed as
a direct comparison, one can clearly observe that for low disor-
ders, such as below 25 meV, carrier-carrier interactions change
a previously virtually gate-voltage independent, nearly non-
activated transport process into one that requires nearly linearly
7 of 15
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increasing thermal activation energy as the gate voltage increases.
For disorders above 25 meV, the activation energy decreases
monotonously with gate voltage if carrier-carrier interactions
are neglected. Including carrier-carrier interaction reduces the
activation energy for lower gate voltages until Eact increases again
and finally exceeds the interaction-free value. It is remarkable
that in a disordered system, an even moderate concentration of
charges (at VG = 10 V, no more than about 1% sites are occupied)
can decrease Eact. It demonstrates that the presence of the long-
range Coulomb interactions can smooth the energetic landscape
quite before carrier-carrier repulsion sets in at a higher gate
voltage [14]. In the following, our focus will be on the minimum
in the gate-voltage dependence, and in particular on the increase
in activation energy for higher gate voltages. Evaluating the gate-
voltage dependence of the activation energy for all temperatures
studied shows that for 100 K, the minimum in the gate-voltage
dependence of Eact coincides with the maximum in the gate-
voltage dependence of 𝜇 ( 𝑇) (see Figure 4c). Evidently, this gate
voltage marks the transition to the regime where carrier-carrier
interactions dominate the transport behavior. If one likes to
define a range beyond which Coulomb glass behavior becomes
dominant, then theminimum of the activation energy would give
a suitable value, as this is the charge carrier density where the
effect of a Coulomb gap on transport dominates over those due
to intrinsic disorder. Its dependence on gate voltage translates
linearly into a charge carrier density dependence, with 10 V
corresponding to a density of 2.2 ⋅ 1012 cm−2 or 2.2%, provided
that all carriers are assumed to be in the bottom layer.

It is very satisfying that our KMC-based results agree with the
experimental findings of Fratini et al., who also observe an
increase in the activation energy at very high charge density in
single-crystal rubrene OFETs [11]. They also attribute this to the
importance of carrier-carrier interactions, although they include
interactions of Fröhlich polarons in the analysis of their data
instead of bare charge carriers. Figure 4d compares our findings to
their experimental results shifted by−50meV. As can be seen, the
trend in activation energy corresponds well. The quantitative dif-
ference, notably the offset for small VG, arises mainly because we
simulate a disordered system without consideration of polaronic
contributions. In contrast, Fratini et al. studied a highly ordered
systemwith a highly polarizable dielectric. Therefore, they derive
the activation energies by analyzing the experimental data in a
polaronic framework [53]. The salient feature, however, is the
agreement in the increasing activation energy with increasing
carrier density in our simulations and in their experimentally
derived data. Importantly, this can be attributed to the Coulomb
interaction between the charges in both cases. Further minor
differences result from our choice of simulation parameters, such
as the dielectric constant and lattice properties, compared to the
properties of rubrene crystals.

2.5 Activated Transport with a Coulomb Gap

In the following, we want to illuminate why the activation
energy shows the trend just discussed and what this means for
transport behavior. We will demonstrate that with increasing
charge carrier concentration, a transition from single-carrier
transport to correlated, quasi-collective transport behavior takes
8 of 15
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place. Due to the discrete nature of the KMC simulation, no
instantaneous reorganization of the other carriers can occur.
Rather, reorganization takes place through subsequent hops of
adjacent carriers. In this picture, it is no longer sufficient to
consider activation energy as the energy required to raise a single
charge carrier to the transport level in a static DOS. Instead,
activation energy is the energy required to enable the entire
ensemble to move within a dynamic DOS. To start, we analyze
the nearly-disorder-free case of σ = 5meV inmore detail. Figure 5
shows a zoom-in of the DOS and ODOS in the region around the
Coulomb gap for σ = 5 meV, T= 100 K, for different gate voltages.
Let us consider first the data for VG = 20 V. The explicit inclusion
of Coulomb interactions between carriers caused a significant
broadening of the DOS and a low-energy shoulder that is almost
entirely filled, thus forming the ODOS. The Fermi level εF is
defined by the Fermi-Dirac distribution as the energy at which
the probability to find an electron is exactly 50%. We show it as a
black dashed line.

In the classical, one-particle transport picture, which we intro-
duced at the beginning of this section (c.f. Figure 1) and that
neglects carrier-carrier interactions, charge transport is enabled
by thermally activated hops of carriers from the Fermi level
to the transport level, which is somewhat below the center of
the DOS [39]. Figure 5 shows, however, that the Fermi level is
always located in the middle of the Coulomb gap, where the DOS
is minimal. Conventionally, thermal activation with Eact should
raise a carrier from theFermi level to the transport level.However,
the energy εF + Eact is, first, far away from the center of the
DOS and, second, and concomitantly, at an energy where the
number of available sites has not changed significantly. Hence,
the notion of “conventional” transport, where the carrier hops
thermally activated to a site where subsequent efficient quasi-
resonant transport occurs, does not hold. One might argue that
this is nevertheless consistent with the decrease in mobility in
the presence of the Coulomb gap. However, it raises the question
of why the activation energy is not significantly larger, allowing
charges to overcome the width of the Coulomb gap, where the
DOS is minimal, and find more available sites in the free DOS.
The thermal energy available at 100 K is about 8.6 meV, yet the
activation energy for VG = 20 V and σ = 5 meV is only 2.8 meV.

To understand this, we examined the characteristics of single-
hopping events. We obtained the mean initial energy at which
hopping occurs by averaging over the initial energies of 500
consecutive hopping events in the ensemble (from different
carriers) that were executed after equilibration. To our surprise,
we found that the mean initial energy (red dashed line) before
a hop takes place is not the Fermi level – quite to the contrary,
it is at much lower energies at the center of the ODOS. If we
add the observed activation energy to the mean initial energy,
we obtain a value that still lies close to the center of the ODOS
(red dotted line). The fact that the average energy of hopping
charges is close to the center of the ODOS implies that all charges
contribute to transport, not only the ones at the Fermi level. We
will demonstrate and discuss this in the following.

This finding seems puzzling at first sight, since hops to already
occupied sites are not allowed (by simulation constraints). More-
over, in the center of the ODOS, i.e., away from the Fermi level,
Advanced Materials, 2026
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FIGURE 5 Energy levels in the DOS (light orange) for 5 meV disorder at 100 K, for different gate voltages in each panel. The ODOS is light red,
and the Fermi function (black solid line) indicates the fraction of occupied states. The Fermi level energy level εF is shown as a black dashed line, and
the classical transport level εF + Eact as a black dotted line. The initial energy of an average hopping event εhop is indicated by a red dashed line, while
the level εhop + Eact is shown as a red dotted line.
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the DOS seems fully occupied. However, close inspection shows
that at the energy corresponding to the center of the ODOS,
there is still a small, albeit finite number of unoccupied sites
(see Figure S5). More importantly, when including Coulomb
interactions between carriers, the DOS and ODOS acquire a
dynamic, multi-particle character. The classic transport picture
that we described above, without explicit consideration of carrier-
carrier interactions, is based on a single-particle picture, where
the hop of one carrier proceeds in a static DOS and ODOS.
The presence or absence of this carrier is not considered to
affect the energy of other sites in the DOS or ODOS. The
explicit inclusion of carrier-carrier interactions implies that the
multi-particle nature of this interaction has to be considered,
because the presence of one carrier alters the energies of all
other occupied or unoccupied sites by virtue of its associated
long-range Coulomb potential. Notably, the site energies in the
local environment of the considered charge carrier may differ
significantly from the globally averaged site energies expressed in
the mean DOS and ODOS. In Figure 6, we shall take a closer look
at this.

Figure 6a shows the site energies in the conventional single-
particle picture, neglecting carrier-carrier interactions. Sites are
subject to some degree of statistical energetic disorder. A charge
(light red) will occupy a site at low energy without affecting
the site energy itself, nor the energy of other empty or occupied
sites nearby. The DOS simply results from summing up all site
energies, leading to a Gaussian distribution. Figure 6b illustrates
the situation when carrier-carrier interactions are explicitly
considered.WithCoulomb repulsion, chargeswill predominantly
arrange themselves so that the distances to their neighbors
are as large as possible. Hence, a particular carrier that is
considered sits at the minimum of its potential. Unoccupied
sites further away from the considered carrier are, necessarily,
Advanced Materials, 2026
closer to other charges and therefore at higher potential energy.
The red line indicates this distance dependence in the result-
ing site energies. Importantly, the same consideration applies
to any other carrier considered at any other site. Averaging
over the entire ensemble – under consideration of these multi-
particle aspects – results in the binomial DOS depicted, with
the soft gap separating the unoccupied sites from the occupied
ones.

To probe this picture, we read out the energies at and near a
site of a particular carrier immediately before it hopped. We did
this for the 500 consecutive hopping events we examined earlier,
and for different gate voltages, at σ = 5 meV and T = 100 K. We
take the energy relative to the site energy at the initial carrier
position and average over all configurations. Figure 6c depicts
the site energy versus the distance from the initial position of
the considered carrier in the hopping direction, ultimately, before
it hops. Figure 6d shows a zoom-in on the data from Figure 6a.
Because the lattice unit of the simulation box is a = 1 nm, this is
also the resolution of the potential.

We indeed find that the site energies have aminimum around the
carrier we considered, for all gate voltages, and as the distance
from its initial position increases, the site energy increases to
reach an approximately constant value at large distances. This
confirms the conceptual picture of Figure 6b. With increasing
gate voltages, the local minimum in the site energies becomes
narrower and deeper. With increasing gate voltage and thus
for a higher charge carrier density, the distances between the
charge carriers become smaller. The site energy, therefore,
increases more rapidly with increasing distance. Additionally,
more charges contribute to the mutual repulsion, and, therefore,
the site energies at large distances from the considered carrier are
higher.
9 of 15
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FIGURE 6 (a,b) Illustration of site energies a single carrier (light red) experiences in the presence of other charges (dark red). The left part indicates
the distribution of the sites in space, while the right part shows the DOS that results when averaging over the entire ensemble of carriers. Carrier-carrier
interactions are neglected in (a) and included in (b). A red line illustrates the average site energy distribution in the space surrounding the considered
carrier. (c) The average initial potential a charge experiences before it hops. The potential is plotted against the positive hopping direction and shown
for several gate voltages at σ = 5 meV and T = 100 K. (d) Enlarged version of (c).

FIGURE 7 The distribution of energy barriers in hopping direction
for different gate voltages VG for T = 100 K and σ = 5 meV. The energy
barrier is the difference between the energy at a 1 nm hopping distance
and the energy at the initial position of the hopping charge carrier for 500
consecutive events. The bin size was 10 meV.
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The zoom-in in Figure 6d shows that, on average, the energy
landscape around a charge carrier immediately prior to its jump
is not perfectly centered around the site on which the carrier
is located. Rather, it is slightly tilted in the positive hopping
direction. This energy landscape results from the Coulomb
interaction of the considered carrier with all other carriers in the
vicinity (cf. Figure S7). Evidently, the overall carrier arrangement
must have been in such a way that the considered carrier is no
longer in the center of the potential valley. Rather, this center,
where the potential energy is minimal, lies in the direction of the
jump, implying that the carrier can jump “in fair weather” [30].
The jump of the carrier is therefore caused by the change of the
energy landscape surrounding it, and it is a direct reaction to the
movement of the other carriers. Thus, the transport is evidently
correlation-controlled.

Figure 6d also gives rise to a question. If the jump – on average—
occurs in the direction of an energy minimum, it requires no or
only small energy, much less than the activation energy shown
in Figure 4. Why then is the mobility thermally activated (c.f.
Figures 2 and 4)? To understand this, we emphasize that Figure 6d
delineates the average site energies in the hopping direction.
There are, however, also many jumps that occur energetically
uphill and thus require activation energy. This is shown in
Figure 7. Downhill jumps do not require activation energy, while
uphill jumps do. If we calculate the average positive energy
barrier for the gate voltages from 1 V to 100 V, we find values of 5
meV, 10 meV, 15 meV, 16 meV, 20 meV, and 18 meV, respectively.

Our central argument regarding the carrier transport in the
regime of high carrier densities will be that the hops of different
carriers are correlated. The jump of one carrier induces the jump
of another by virtue of their Coulomb interaction, so that the
ensemble of carriers moves as a whole. From time to time, a
carrier may be surrounded by energetically uphill sites and will
10 of 15
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only be able to hop further if provided with some activation
energy. It is this activated jump that is rate-limiting for themotion
of the entire ensemble [31].

2.6 Correlation-Controlled Transport

To study the correlation between individual jumps, we use the
velocity cross-correlation function (VCCF).

𝐶𝑖𝑗 (𝑟, 𝜏) =

⟨
1

𝑁 (𝑟, 𝑡)

∑
|𝒓|=𝑟 𝑣𝑖 (𝒙, 𝑡) ⋅ 𝑣𝑗 (𝒙 + 𝒓, 𝑡 + 𝜏)

⟩
𝑡

(6)
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FIGURE 8 Velocity cross-correlation (a)Cxx and (b)Cyy at zero time
lag for several gate voltages at σ = 5 meV and T = 100 K, showing the
spatial coherence within one time interval for the x- and y-components
of the velocity. The time interval is chosen so that each particle can
jump once on average during that time. Red circles with black arrows
indicate the direction of carrier movement considered; the source-drain
field is oriented in x-direction. (c) The energy required to jump in the field
direction against the Coulombic field of a neighboring particle at a certain
distance when the neighboring particle is approached at an angle of 45◦

(blue) and when it is approached frontally (black). The distance between
the charges before the approach is taken as the distance at whichmaximal
correlation is observed in (a). For comparison, the activation energy for
σ = 5 meV is a red line.

 15214095, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202522965 by U
niversitaet B

ayreuth, W
iley O

nline L
ibrary on [31/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative 
It computes the correlation between the velocity components
𝑣𝑖 , 𝑣𝑗 in a certain direction (𝑖, 𝑗 ∈ [𝑥, 𝑦]) for all the positions
𝒙 and 𝒙 + r with distance |r| = r and time lag τ. We calculate
the velocity at a particle position 𝒙 ( 𝑡) by 𝒗 ( 𝒙, 𝑡) = ( 𝒙 ( 𝑡 + Δ𝑡) −
𝒙 ( 𝑡)). The interval Δt between the timesteps is chosen such
that, on average, each charge carrier in the system can jump
once within the interval, and therefore, increases linearly with
increasing VG. We consider the entire ensemble and thus divide
by the number 𝑁(r, t) of pairwise velocities considered for the
sum, and we also take the average over 50 timesteps. Since in
OFETs, most charges occupy only the lowest layer [5, 42], the
nature of the transport is mostly 2D, and therefore, we consider
the transport in the x- and the y-direction only. For zero time
lag (τ = 0), the VCCF gives the spatial coherence of hopping
velocities within a certain distance r and within a single time
interval Δt.

Figure 8 shows this spatial coherence for the system with σ =
5 meV, T = 100 K, and different gate voltages. Cxx(r, τ =0)
gives the spatial coherence in the x-direction, i.e., parallel to the
direction of the source-drain field, while Cyy(r, τ = 0) measures
spatial coherences perpendicular to the applied field direction.
For large distances, e.g., r > 10 nm, there is no correlation in
direction perpendicular to the applied field between two quasi-
simultaneous hops Cyy(r < 10 nm, τ = 0) = 0. That is perfectly
in agreement with the notion that an electric field should not
impact charge transport perpendicular to it. Similarly, we find
a constant velocity correlation for jumps in field direction:
Cxx(r < 10 nm, τ = 0) = const. It is not surprising that two jumps
are correlated, i.e., if one carrier jumps, its neighbor jumps in the
same direction with a finite probability, when an external field is
applied.

At shorter distances, correlations appear that are not induced by
the applied field but can be attributed to the Coulomb interaction
between carriers. For example, if two carriers with a separation
of, say r < 4 nm in the case of 20 V, hop quasi-simultaneously,
then Cyy(r < 4 nm, τ = 0) < 0, implying that their velocities
in the y-direction are opposite (Figure 8b). For two identical
charges, this must be a repulsive rather than attractive motion.
With a higher separation distance, Cyy has a small maximum,
which shall be discussed below. Note that for r < 1 nm the
velocity correlation function trivially approaches zero, as there
are no pairs of charges within this distance. For VG = 20 V, we
also observe opposite velocity components in the direction of
the electric field if two hopping carriers are closer than 3 nm.
However, for larger distances, and also generally for larger gate
voltages (i.e., carrier densities), Cxx is positive. Thus, charge
pairs move in the same direction, and the jump of a charge
correlates with the jump of an adjacent one. The important
feature is that Cxx shows a maximum. In other words, at a certain
distance from a jumping carrier, there is a higher probability
for another carrier jumping in the same direction than further
away from it. The Coulomb interaction between charges pushes a
neighboring charge more strongly along the field direction than
it would otherwise move. For VG = 20 V, this is at rmax = 4.9 nm,
and this distance decreases with gate voltage since the charge
concentration increases and the distances between charges get
smaller. As mentioned before, we also observed similar maxima
for Cyy, indicating that pushes occur perpendicular to the field
direction as well, although less pronounced due to the weaker
Advanced Materials, 2026
correlation maxima. This is reasonable, since motion along this
axis is not enhanced by the electric field. The negative minimum
ofCxx at small distances also vanishes for higher gate voltages.We
attribute this to the presence of toomany neighborsmoving in the
field direction so that a carrier can no longermove in the opposite
direction without coming too close to another carrier that moves
in the field direction.

The maxima in the velocity correlation function that we observe
for distances between about 2 and 5 nm hence, represent the
positions of a neighboring charge that is “pushed” by its neighbor.
11 of 15
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In the following, we aim to provide a rough estimate of the energy
Epush required to push a charge at a distance rmax. For a charge to
push its neighbor, it needs to approach and, to do so, must have
the energy to overcome the potential difference created by the
field of its neighbor.

Consider a charge that moves around 1 nm in the field direction,
thus approaching another charge. We neglect energetic disorder.
Depending on the angle of approach, the distance between the
two charges will change. The potential barrier Epush for the
approaching charge in the field of the other is given by the
difference in Coulomb potential at rmax after the jump, minus
the field contribution of 0.01 eV/nm. Figure 8c shows Epush for
an angle of 0◦ as a black line, assuming a direct approach, and
for 45◦ (the average angle under which an approach can occur),
as a blue line. For comparison, the activation energy for the
σ = 5 meV system (from Figure 4) is shown as a red line. It is
remarkable how well the activation energy matches Epush under
45◦. Both potential curves exhibit a monotonic increase with
the gate voltage, with a similar slope, and their absolute values
differ by only a few meV. While the forward approach under 45◦
between two charges seems realistic, approaches between two
charges under 0◦ are unlikely to happen, as the required energy
mostly exceeds thermal energy at room temperature. The values
we derived by this estimate for a forward approach under 45◦ are
also consistent with the average energy barrier we found when
averaging over hops with a positive transition energy (Figure 7).
Even though themeasured activation energy agrees well with our
estimate for Epush, we caution that this is a rough approximation.
Not all charges will hop in the field direction, nor over the
estimated distance, nor directly along the field gradient of one
single other charge. Rather, they move in the field of many more
neighbors, which also arrange themselves energetically in the
most favorable way possible.

In summary, we have shown, for a nearly disorder-free system,
that charges move in their own potential minimum, which
is created by the Coulomb repulsion to other charges. Addi-
tionally, we find that at a certain distance, hopping directions
of neighboring charges are correlated. Also at that distance,
the energy for one charge to approach another under a 45◦
angle agrees reasonably well with the determined activation
energy (c.f. Figure 8c). Furthermore, on average, yet not always,
charges hop “in fair weather” [30], i.e., when they are off-
centered in their potential minimum through a rearrangement
of the other charges. Hence, average hops proceed sequentially,
with virtually no thermal activation (cf. Figure 6), while occa-
sionally, hops require activation energy, which then becomes
rate-limiting. This is consistent with the case in a Coulomb
glass [27, 31].

With this, we propose a new interpretation of activation energy
that extends the picture we are familiar with for low andmedium
charge carrier densities, where carrier-carrier interactions are
negligible. There, the activation energy elevates charges to the
transport level, where they can move more easily, as there
are many free sites of similar energy and hops between them
require small or no thermal activation. In contrast, at high charge
carrier concentrations, the average hopping event also requires
small or no thermal activation, as it occurs when the potential
cloud around the charge carrier has rearranged, making the
12 of 15
hop energetically favorable. This correlation-driven transport is
analogous to the effortless movements at the transport level.
However, not all hops are energetically favorable or with only a
small barrier:We observe that some charges push each other with
an energy of the same order ofmagnitude as the activation energy.
Analogous to the classical activation energy that is necessary
to bring a charge to the transport level once in a while, these
occasional pushes seem to be necessary to enable energetically
favorable transport the rest of the time. The activation energy is
therefore responsible for the spatial rearrangement of charges,
when most of them are already in their energetically favorable
position and would not move otherwise.

3 Discussion

The present formalism for charge transport in an organic semi-
conductor with a high charge carrier concentration appears to
be characteristic of that of a Coulomb glass. The classic concept
that Efros and Shklovskii developed [24] is based on Mott’s
variable range hopping (VRH) concept [54] and shows that,
under consideration of Coulomb interactions between charges,
a gap between full and empty states in the DOS develops.
Importantly, in the classical concept, the interaction for the
hopping of the charge can be long-ranged, i.e., the localization
length is a multiple of the inter-site separation. This is realized
in inorganic semiconductors. The Efros-Shklovskii (ES) 𝜇(𝑇) ∝

exp (−(𝑇0∕𝑇)
1

2 ) dependence relates the charge carrier mobility
and temperature. The characteristic temperature T0 corresponds
to a localization length 𝜉 = 𝐶𝑒2

𝜀0𝜀𝑟𝑘𝐵𝑇0
for 2D (3D) transport [25],

with the numerical coefficient C2D = 6.2 [55] (C3D = 2.8 [25]).
This relationship has been verified for inorganic semiconductors,
and T0 was found to be at very low to low temperatures, yielding
localization lengths on the order of 103 nm [56, 57]. Analyzing
the temperature dependence of the mobility in an organic
hopping system at high charge concentration (c.f. Figure 4) in

terms of 𝜇(𝑇) ∝ exp (−(𝑇0∕𝑇)
1

2 ), we end up with a characteristic
temperature T0 = 2012 K. This value is one to two orders of
magnitude higher than for inorganic semiconductors [56, 57],
since the Coulomb gap in organic semiconductors is established
at ambient temperature, but the ratio T0/T is comparable. The
characteristic temperature would correspond to a localization
length of ξ2D = 162 nm (ξ3D = 73 nm). This is much larger
than the localization length we used in our simulations (𝛾−1
= 0.2 nm), which is characteristic of organic semiconductors,
and larger than the model dimensions. Evidently, an organic
Coulomb glass resembles the behavior of an inorganic system, but
parametrically, it is quite different from an inorganic system [25,
56, 57].

We also recall that in our model, the maximum hopping radius
was rmax =

√
3 nm since charge transport in organic materials

occurs via mostly nearest jumps [27]. Thus, our model does not
include VRH, yet we still observe a Coulomb gap and Coulomb
glass behavior. This proves that the formation of a Coulomb
glass does not necessarily require the variable-range-hopping
concept. With VRH, even though charge transfer to distant sites
is technically allowed, charges should only move to sites in their
vicinity, as all other sites are energetically unfavorable due to
Coulomb repulsion from other charges (c.f. Figure 6). Thus,
Advanced Materials, 2026
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in combination with Coulomb repulsion, the VRH imposes a
similar restriction on the system as our model does with a small
maximum hopping radius. In both cases, the charges are strongly
localized and can not hop to distant sites. In this respect, the
emergence of the Coulomb gap in organic semiconductors is not
surprising. Here, the electronic states are strongly localized and
follow an already disordered distribution similar to a Coulomb
glass, even at low carrier densities.

The DOS with its Coulomb gap is a quantity that is not always
straightforward to access, so one may ask how the dominance of
Coulomb interactions may be identified in the charge transport
characteristics. One clear indicator of a strongly pronounced
(hard) Coulomb gap is the observation of an ES temperature
dependence. However, in our data, we observe the emergence
of a (soft) Coulomb gap even at room temperatures and high
disorders such as σ= 75 meV, where the temperature dependence
is still Arrhenius-like. As mentioned in the context of Figure 4,
the increase in activation energy with gate voltage, respectively
carrier density, is also a clear indicator for the emergence of a
fundamentally different transport regime, so that the minimum
of the activation energy may serve as an indicator for a transition
from a disorder-controlled transport regime to one dominated by
the Coulomb gap.

How can charge carrier densities that sustain a Coulomb gap
be achieved? As evident in Equation (4), high charge carrier
densities require a thin insulator, a high permittivity, and a high
gate voltage while maintaining a high resistance to dielectric
breakdown.Note, however, that the use of a very high permittivity
material, which would allow for higher insulator thicknesses and
lower gate voltages, can lead to additional polaronic effects as
demonstrated by Fratini et al. and related work [11, 53]. If we take
the minimum of the concentration-dependent activation energy
as a signature for the onset of dominant Coulomb interactions, we
would expect to see dominant Coulomb effects for a sample with
an energetic disorder of σ = 75 meV and a dielectric constant of
εr = 4, and otherwise similar parameters to our system, from at
about VG = 50 V onward, provided the sample can sustain that
voltage without dielectric breakdown. This corresponds to about
1013 cm−2 (10% charges per site in the lowest layer).

A high charge carrier density can be achieved more easily in
EGOFETs and OECTs than in OFET structures, yet counter-ions
play a crucial role in these systems and complicate the description
of charge transport, so that it is not clear a priori whether a
Coulomb gap can be observed in these systems. The difficulties
associated with the description of Coulomb interaction in elec-
trochemically doped systems are the reason why, in this study,
we chose to focus on the simple case of transport in a non-doped
OFET system. Nevertheless, future work should certainly address
the question of whether a Coulomb gap may also emerge in
systems where high carrier densities can be achieved easily by
electrochemical doping.

Our KMC approach can only be a first step in the exploration
of the charge carrier dynamics in organic Coulomb glasses. It
has several limitations; for example, the dielectric permittivity
is assumed to be spatially uniform and independent of carrier
density. The extent to which this actually holds and a carrier
density-dependent permittivity may modify the charge carrier
Advanced Materials, 2026
dynamics needs to be addressed in future work. Similarly, our
KMC approach approximates the quasi-collective motion of the
carrier ensemble by a sequence of correlated single carrier
hops. However, in principle, once the carrier motion approaches
a collective behavior, the consideration of true multi-particle
hopping rates would be appropriate. Clearly, the calculation of
all possible multi-particle transition rates for the entire ensemble
to any possible next configuration is challenging and beyond
the scope of this work. Our approach effectively approximates
the multi-particle transition process by a sequence of single-
particle transitions. The fact that our simulations converge is a
first indication that this approachmay be reasonable.Moreover, it
is justified by the fact that we consider atmost 22% site occupancy.
Future work may wish to consider how this needs to be modified
for higher charge carrier densities. Similarly, future work might
consider how the threshold for the onset of dominant Coulomb
effects changes when the DOS is a priori asymmetric. This can
occur, for example, when the molecular interactions are strong,
and bands begin to form—the DOS tends toward a square root
shape that is very broad and asymmetric.

Finally, we studied cases of very low disorder, where the assump-
tion of localization is only justified when the coupling between
sites is weaker than the prevailing disorder. This is the case,
for example, where side chains effectively screen π-interactions.
For molecular crystals made from molecules without large side
chains, thismay not necessarily be the case. Addressing the extent
to which stronger intermolecular coupling and the emergence
of bands modify the picture outlined in this work will also be a
worthwhile topic for future studies.

4 Conclusion

We studied the dependence of charge transport on the charge
carrier density for a non-doped organic semiconductor (without
counter-ions) by means of Kinetic Monte-Carlo simulations, and
we observed a continuous, yet fundamental change in the nature
of this transport. While at low charge concentrations, transport
can be described by considering merely a single carrier that
hops from the Fermi level to the transport level via thermal
activation, at high carrier densities, hopping becomes Coulomb-
correlated so that the entire ensemble of charges needs to be
considered. The charges no longer hop from the Fermi level
to the transport level but rather from slightly below the center
of the ODOS, with the activation energy bringing them to that
center. The activation energy is the energy needed to accomplish
the structural reorganization of charges in the ensemble so that
charge transport can proceed.

In agreement with previous studies [15, 33, 34], we find an
energy gap between the distribution of unoccupied and occupied
sites (Coulomb gap) that emerges as a consequence of the
Coulomb interaction between charges. Comparison to inorganic
semiconductors demonstrates that the appearance of a Coulomb
gap does not require long-range hops (as needed in the variable-
range hopping model by Mott) nor low temperatures. It suffices
if charge carriers are spatially localized yet subject to long-range
Coulomb interactions. We consider that our work indicates a
transport regime that has hardly been explored so far in organic
semiconductors.
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